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ABSTRACT
This thesis explores the creation of thin film responsive hydrogel coatings via Layer-by Layer
assembly (LbL) of temperature (T) responsive block copolymer - polyelectrolyte multilayers
(PEMs). First, the LbL conditions that allow for temperature driven, large, reversible swelling
transitions of multilayer constructs are determined. Use of weak polyelectrolyte components and
selection of an appropriate deposition pH were found to be the critical factors that allowed large
scale reversible swelling. These factors were the missing pieces that explain the lack of
temperature response reported in prior literature. A series of block copolymer (BCP) molecules
were subsequently synthesized to expose the influence of BCP architecture on the temperature
responses of these micelle-PEMs. Diblock architectures that lack connectivity in the T-
responsive poly(propylene oxide) block disintegrate quickly at low temperature. Triblock
copolymers on the other hand allow access to a wide range of reversible swelling behavior. The
dynamic interplay of various pH, salt concentration and T effects on the swelling and stability of
these hydrogels are also further explored. In particular a critical ratio of charged block to T-
responsive block length is necessary for film stability at low temperature. As a whole these
systems can be customized to either swell reversibly (by up to 6 times their dry thickness) or
disintegrate under specific sets of pH, time, temperature, and salt conditions, making them useful
for a wide range of smart applications. The application of these conformal temperature
responsive coatings to T-gating of membranes; creation of nanotube structures; T-enabled
loading and release of proteins; as well as their tunable disintegration, useful for triggered release,
is discussed and demonstrated. On a separate note, the utility of inorganic nanoparticle LbL
assembly in creating conformal thin UV anti-reflection coatings for PMMA Fresnel lenses is
demonstrated. Key features of thin porous nanoparticle coating assembly via LbL is discussed,
including how particle size and deposition pH can tune the coating porosity and refractive index.
In addition, we develop several strategies for stabilization of these inherently weak systems
largely composed of air. In particular, a novel means to generate stable inversely structured
surface nanoporosity in thermoplastic materials is developed.
Thesis advisors: Prof. Michael F. Rubner, TDK Professor of Materials Science and Engineering
Prof. Robert E. Cohen, St. Laurent Professor of Chemical Engineering
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CHAPTER 1: INTRODUCTION & BACKGROUND
1.1 INTRODUCTION
This chapter introduces several concepts and ideas surrounding responsive hydrogels,
polyelectrolytes, block copolymer micellization and Layer-by-Layer assembly. The fundamental
concepts outlined in this chapter are included to provide readers with a common foundational
framework for understanding the subsequent interpretation and discussion of results presented in
this thesis. The aim of this introduction is to provide relevant background knowledge. While not
included here, detailed literature reviews of work relevant to each chapter are presented in the
individual introduction sections of the chapters to follow.
1.2 RESPONSIVE HYDROGELS
Stimuli responsive hydrogels are able to reversibly uptake large amounts of water and in doing
so exhibit large changes in volume, mechanical compliance", solute permeability, and chemical
affinity . As a result, they are of interest for controlled drug delivery5, mechanical actuation6
molecular separations4 and sensing7 amongst several other applications.
Put simply, gels are polymer networks (held together by physical or chemical crosslinks) that are
able to hold a large amount of solvent, the solvent being water in the case of hydrogels. Key
material properties of interest in gel materials are tuned, namely, by a few interrelated parameters:
the crosslink density or molecular weight between crosslinks (also related to the 'mesh size' of a
gel), polymer solvent affinity, and the nature of the crosslinks.
Since the swelling of thin film hydrogels is a recurring topic in this thesis, a brief theoretical
background relating to the swelling and elastic properties of gels in general is provided here.
Based on the Flory-Rehner theory8, the thermodynamic drive toward solvent polymer mixing
and gel swelling is opposed by entropically derived retractive forces of polymer chains that resist
chain extension during swelling. The changes in total Gibbs free energy of a neutral gel, AG, can
be expressed as a sum of the change in free energy due to mixing, AGmix, and the change in free
energy of polymer chains as a result of chain deformation, AGei, as shown in black in Equation
(1).
Equation (1), AG = AGmix + AGei (+AG ion )
In the case of an ionic hydrogel where the polymer chains in the network carry charged groups,
an additional term AG1O, (added to Equation (1) in grey) needs to be considered. AGion deals
with the energetic changes that arise from electrostatic interactions between the charged groups
as well as the mixing of solvent molecules and counterions.' 0 Counterions are oppositely charged
ions attracted to the vicinity of charged groups on the polymer backbone that maintain overall
charge neutrality of the system.
According to the Flory-Rehner theory, equilibrium swelling of a neutral gel is achieved when the
chemical potential of solvent molecules (pi) within the gel network is equal to that in the bulk
solvent (p").
Equation (2), Pi - p" = (Api)mix + (Api),i = 0
Using Flory-Huggins theory", the change in solvent chemical potential due to mixing of solvent
molecules with polymer chains of high degree of polymerization, N, can be expressed as' 2 13
Equation (3), (Ay1j)mjx = RT[ln(1 - V,,) + Vp,s + X 2
Where R is the universal gas constant, 8.314 J/mol/K, T is the temperature of the solution, vp,, is
the volume fraction of polymer chains in the swollen gel (thus subscripts p and s) and X is the
Flory-Huggins interaction parameter that is a measure of solvent polymer affinity (described
further in Section 1.2.1).
The change in solvent chemical potential due to polymer chain deformation is given by,13
2M O____ /3 1 PIS)
Equation (4), (Api)ei = RT 1 - vr
Where V, is the molar volume of the solvent, P is the specific volume of the polymer, Me is the
molecular weight between crosslinks in the polymer network, M is the molecular weight of the
component polymer chains in their uncrosslinked state and vp,r is the volume fraction of polymer
chains in their relaxed state in an unswollen gel.
Since the polymer chains in a gel are crosslinked and held fixed within the gel, while solvent
molecules can diffuse into and out of the gel, the physical boundary of the gel can be thought of
as a semi-permeable membrane that sustains an osmotic pressure, n. , across the gel surface due
to the presence of polymer chains within the gel. Thinking in terms of the energetic changes per
unit change in gel dimension, equilibrium gel swelling involves a force balance between the
osmotic pressure n.. acting to swell the network and the elastic pressure that arises from
entropic cost of extending polymer network chains. The theory of rubber elasticity assumes the
latter to be the sum of contributions resulting from the changes in the distribution of individual
network chain configurations during swelling. For a perfect tetrafunctional network with no
trapped entanglements, the elastic pressure, te, is given by Equation (5)2,8
Equation (5), 7e/ T= A PR21kBT NR 02
Where N is the number of statistical units between crosslinks, R and R, are the root mean-
squared end-to-end distance of a network chain in the stretched state at concentration p and in its
unperturbed state respectively. The prefactor A is related to assumptions made with respect to
fluctuations of interchain junctions.
Here, it is straightforward to see that the equilibrium swollen state of a polymer gel, where the
osmotic pressure, -. ,, is exactly balanced by the elastic pressure, 7re, generated by the stretched
network chains, is related to the ratio of the stretched to un-stretched polymer dimensions, ,
as shown in Equation (5). Factors that affect chain dimensions thus affect the swelling of gels.
These factors are discussed below, in Section 1.2.1.
Written in an alternative form more useful to experimentalists (who can often have control over
Mc during gel formation), the equilibrium swelling of a gel is related to the molecular weight
8between crosslinks, Me, by Equation (6)
Equation (6), Me = -Vipp(c1/3 - 0.5c)/[1n(1 - c) + c +xc 2]
Where pp is the polymer density, c is the relative concentration of polymer, 1 + pP(W-Wo) in
PsWo
which ps is the solvent density, WO is the dry weight of the gel and W is the equilibrium weight
of the swollen gel.
From Equation (6), it is clear that increasing the molecular weight between crosslinks by
decreasing the crosslink density is a straightforward synthetic means to create gels with higher
equilibrium fractions of solvent.
It is also important to note that the osmotic pressure uros that acts to swell gel networks can take
on additional twists. For example when charged polymers like polyelectrolytes in aqueous media
are considered and the AGin term in Eqn. (1) becomes active. The osmotic pressure in such
cases takes on an additional dependence on the ionization state of the polymers2,9,0 . Ionized
groups on the polymer backbone of polyelectrolyte network chains carry charge and attract
counterions that contribute to generation of additional osmotic pressure within the gel. Further,
like charges along the polymer backbone experience electrostatic repulsion away from one
another and act to stretch the chains further. As such the degree of swelling of polyelectrolyte
gels is highly dependent on the charged state of network chains as well as charge screening
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effects of added saltl'1 . With weak polyelectrolytes (discussed in Section 1.3), pH dependent
ionization is possible and allows for the creation of pH responsive hydrogels.
Since the temperature responsive polymer networks studied in this thesis involve weak
polyelectrolytes, the effects of temperature, pH and salt concentration interplay and influence the
degree of hydrogel swelling observed.
1.2.1 Controlling gel properties through changes in polymeric chain configurations.
In order to understand the changes in gel swelling, we first consider the basic unit of a swelling
gel: the network polymer chain between crosslinks. The dimensions of a polymer chain can be
characterized by a vector R that points from one end of the chain to the other. Assuming a freely
jointed chain, a polymer of N bonds of length b, takes on the trace of a random walk of N steps
of length b. Consequently, the probability distribution of R is Gaussian. With one end of the
chain at the origin, we have the probability of R as a function of N and b given by14
Equation (7), P(R, N) = 2 exp - 2
Unlike a random walk however, polymer chains cannot fold back onto themselves as it is not
physically possible for distinct portions of a polymer chain to occupy the same point in space.
Despite this fact, under certain conditions, real polymer chains can be modeled well by this
'random walk model', where, following from Eqn. (7), the mean squared end-to-end distance of
the chain, r , has a linear dependence on N. r2 can be written in terms of an effective bond
length beff as follows:
Equation (8), (0) = Nbe 2
Commonly, ( Z) is also be expressed as ( ) = C Nl 2 where C, is a measure of chain
flexibility. The important take home point is that in these models, ( ) oc N.
Polymer chains, with ( d ) oc N are called 'ideal chains'. Related to the random walk model
above is the Gaussian chain model. While the Gaussian model is purely mathematical in nature
and very simple, it is perhaps one of the most powerful models for the qualitative understanding
of polymer physics. The Gaussian chain model assumes the polymer chain to be composed of N
segments where the bond vector, r, possesses some flexibility (unrelated to physical bond lengths)
and follows a Gaussian distribution.
Gaussian distribution: P(r) = ( )/2 exp (- 3r
Writing the position vector of the nth segment as R., the distribution of the bond vector rn =
Rn - Rn- 1 is given by Equation (9). The chain configuration is thus described by the set of
position vectors {R.} = (RO, R1, ... , RN) and the probability distribution of the chain
configuration is described by the probability distribution of this set of vectors and given by 14:
Equation (9), P({R.}) = ( 3 N/ 2 exp (- 3EN (Rn - R,1)2
Thinking of the Gaussian chain as segments connected by harmonic springs with spring constant
k, the energy of the chain can be written as14
Equation (10), U = 1k 2:N=(R - Rn1)2
2 n
Where the equilibrium state of the chain is then described by a distribution function proportional
to exp (- . Using a spring constant k = 3k, the mathematical description of the chain's
equilibrium distribution becomes equivalent to Equation (9). Owing to this connection to spring-
like behavior, the Gaussian chain model is often called the bead-spring model.
While polymer chains can be thought of to occupy a roughly spherical volume with diameter
o (r 1/2 - VNb), the radius of gyration Rg is often a more convenient way to express the size
of a polymer chain because it can be directly measured (e.g. by light or small angle X-ray
scattering) and can be defined for polymers with non linear, branched structures. Put simply, Rg
is related to the polymer center of mass, RG = n=1 Rn by14,
Equation (11), Rg2 = N ((Rn - RG) 2 )
For an ideal chain with large N, Rg is related to the average square of the end-to-end distance of
a chain given by the random walk model (in Equation (8)) by14 :
Equation (12), Rg2 =1r
While the ideal chain model simplistically takes into account only short range interactions,
extensive investigations into the statistical properties of polymer chains that take account for
excluded volume effects (related to the fact that polymer chain segments cannot exist at locations
already occupied by another segment), has shown that for large N, the following holds 14 :
Equation (13), Rg'N"b
Where the exponent v is approximately 0.588 (or 3/5) when excluded volume is accounted for.
We see that the characteristic size of excluded volume chains is proportional to N3/ 5 rather than
N1 / 2 for an ideal chain. This difference indicates that the average size of an excluded volume
chain is greater than an ideal chain of the same N. This follows logically from the fact that
segment overlap is more probable in compact chain configurations as compared to expanded
ones. In the excluded volume model, elimination of configurations in which chain overlap occurs
shifts the size distribution to larger values.
While the above models do not take into explicit account the influence of solvent, the dimensions
of polymer chains in solutions depend on solvent quality. Chain dimensions will be expanded to
maximize the number of polymer solvent contacts in a 'good' solvent and chain dimensions will
be collapsed in a 'poor' solvent, where polymer segments prefer to be in contact with other
polymer segments.
In representing real polymer chains in bulk or solvent, the chain dimension dependence on N can
generally be described by Rg'N' with specific solvent effects included in the parameter v.
To describe the effects of solvent polymer interactions, it is useful to discuss X in more detail. X
ZAEis theoretically defined for a polymer-solvent pair as x = -, where AE is the energetic costkBT
of replacing a polymer-polymer contact and a solvent-solvent contact with 2 polymer-solvent
interactions". When the average of the polymer-polymer and solvent-solvent interaction
energies is equal to the polymer-solvent interaction energy, Ae = 0, representing the lowest
possible value of X in the absence of specific bonding. The greater the value of X the higher the
energetic cost of polymer-solvent contacts; the less the polymer wants to mix with the solvent,
and the more compact the polymer chain conformation. Higher values of X (X > /2) reflect a poor
(or non)solvent-polymer pair, while low values of X (X < ) reflect a good solvent-polymer pair.
In the case where X = , polymer chains exhibit 'ideal chain' behavior described by Eqns. (7, 8,
9 and 10)". While experimentally, the concept of X is qualitative in nature, X is one of the most
important parameters involved in interpreting the behavior of polymer mixtures and block
copolymer behavior.
The changes in polymer chain dimension with solvent quality can be simplistically captured by
the different scaling dependencies of Rg on N as the solvent quality is varied.
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Figure 1-1. Diagram showing the evolution of polymer chain dimension with degree of
polymerization, N. Solvents of different quality give different size dependences on N and the
effect of these different scaling regimes is reflected along a vertical where a polymer of fixed N
increases in size when transiting from a poor, to a theta, to a good solvent.
As seen in Figure 1-1, polymer chain dimensions increase with the degree of polymerization, N,
and increase with increasing solvent quality. In the context of gels, swollen gel dimensions
increase with increasing molecular weight between crosslinks, Mc, and with increasing solvent
quality that changes the exponent, v, as followss1
5
,
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Equation (14), Q1/3 c (c (N)" l )
Where Q is the swelling ratio of the gel given by the swollen volume or mass of the geldry volume or mass of the gel
For hydrogel thin films on a rigid substrate, swelling is confined by attachment to the substrate in
the lateral direction and the swelling ratio = wet(swollen) thickness . The thin film hydrogelsdry thickness
studied in this thesis fall in this category and experimentally measured changes in thickness
reflect changes in Q.
1.2.2 Temperature responsive hydrogels.
In the class of temperature responsive hydrogels to be discussed in this thesis, changes in
swelling degree are elicited through changes in solvent quality with temperature. Temperature
responsive hydrogels include chemically crosslinked networks of thermo-responsive polymers or
physically crosslinked gels held together by reversible, thermo-labile associations like hydrogen
bonds17 . Commonly used thermo-responsive polymers include ones with lower critical solution
behavior in water. Examples are poly(N-substituted acrylamides), poly(N-vinyl alkylamides),
and poly-(vinyl ethers) for which water is a good solvent and polymers are swollen below the
lower critical solution temperature (LCST) 17". Above the LCST, these polymers switch from
their hydrogen-bonding hydrophilic configuration to a more hydrophobic state and collapse out
of solution. These temperature driven changes in polymer-solvent interactions drive the swelling
and de-swelling transitions of temperature responsive hydrogel networks'8 . The LCST behavior
of poly(propylene oxide) used in this thesis will be discussed in more detail in Section 1.4.2a.
1.2.3 Relationship between gel swelling and functional gel properties.
It is useful to understand that while the physical gel size changes upon absorption of an
equilibrium amount of solvent determined by the various factors discussed above, these changes
are accompanied by changes in a host of other useful material properties, some of which are
summarized in Figure 1-2.
Molecular Level
Gel Architecture Gel Material Properties
Crosslink density 4 = Mc T Swelling ratio = Swollen volumeDry volume
or Elastic modulus 4
Solvent quality Gel strength 4
Gel surface friction 4
Solute permeability T
*for hydrogels:
affinity to hydrophobic compunds 4
often, cell affinity 4
Figure 1-2. Scheme showing how molecular level architecture of gels on the left hand side
affects gel properties, a list of which is found on the right hand side.
The impact of "mesh size" is of particular interest to the biomedical community in the
application of hydrogels to therapeutic trapping and delivery or for (macro)molecular
separations. 15'16 The mesh size, 4 is a measure of the size of openings between crosslinks in a
hydrogel network, defined as illustrated in Figure 1-3. The mesh size dependence on
experimentally tunable crosslinking density, ve, and solvent condition dependent chain size is
15,1
provided by ,16
Equation (15) 0OCM qC (
In the case of temperature responsive gels, changes in temperature can elicit reversible
association and dissociations between polymer chains. This effectively changes the crosslink
density of the network and thus its average mesh size. As illustrated in Fig. 1-3, solutes that are
larger than the mesh size (4) cannot enter the gel matrix, allowing for temperature controlled size
based exclusion.
2r
Gel at low
swelling degree/ Gel in highly
in dry state swollen state
Figure 1-3. Schematic diagram illustrating the molecular level architecture of network chains
within a hydrogel in a poorly hydrated state (on the leftmost) and in a highly swollen state (in the
middle). The mesh size, 4 of the network is indicated. The inset in the top right corner illustrates
how the mesh size of gels determines the size cut off for the passage of various species (e.g.
drugs, proteins, or even cells) though gel networks,
For solutes small enough to enter the gel, changes in mesh size affect the rate of their diffusion
within the gel'16 "9, as described by19
Equation (16) Dgei = Do (1 - e(Q-1)
Where Dgei is the diffusion coefficient of the diffusing species in the gel; D, is its diffusion
coefficient in the surrounding medium; r is the size of the diffusing species (illustrated in Figure
1-3); and Q is the swelling ratio as defined before (ref. Section 1.2.1, Eqn. (14)).
As seen in Equation (16), the rate of diffusion of molecular species into and out of gels can be
effectively controlled by changing the degree of swelling of gels. Responsive gels that respond to
specific stimuli with changes in swelling degree are thus of particular interest in controlled
drug/chemical release systems 12,16, 19. Diffusion of trapped species can be suppressed at low Q
and their (rapid) release induced at high Q.
1.2.4 Kinetic factors.
While key factors influencing equilibrium hydrogel swelling and properties have been discussed
above, it is important to note that the swelling and shrinking of hydrogels require mass transport
16,20,21that takes time1' ,. At least two transport mechanisms are involved in the volume phase
transition of hydrogels. 1) The stimulus (such as temperature difference or pH change) that
triggers the volume change needs to be transferred into the hydrogel and 2) solvent molecules or
ions redistribution as a result of a chemical potential imbalances that develop within the hydrogel
and in the surrounding solvent medium. The redistribution of various species can in turn change
the balance of the osmotic pressure and can cause further water redistribution.20 21
Concomitantly, polymer chains of the network need time to rearrange and achieve their
20expanded or collapsed configurations during hydrogel swelling or shrinking respectively 0. Due
to diffusion limited kinetics of hydrogel responses, where a macroscopically (mm-cm) dry gel
might take hours to days to swell to its equilibrium state , the equilibration time can be reduced
by several orders of magnitude by shrinking at least one dimension (L) of the hydrogel to the
nanoscale, with the diffusion time, t oc L2 . As a rapid response time is desired for several
applications, the creation of thin film hydrogels or microgel particles is an active field of
research. The work discussed in this thesis contributes to the former field in the development of
temperature responsive thin film hydrogel coatings.
1.3 POLYELECTROLYTES
Polyelectrolytes are polymers that contain ionizable groups 23. Common polyelectrolytes include
ones that contain acidic or basic groups that can ionize or become protonated in aqueous
solutions. Such polyelectrolytes are often divided into two groups, 'strong' polyelectrolytes and
'weak' polyelectrolytes. Examples of strong polyelectrolytes and weak polyelectrolytes used in
this thesis are shown below.
Strong Polyelectrolytes Weak Polyelectrolytes
4k0 0Na 0 0
N a / PAA H
NH2O=S=O NHN I
PDAC 0 Na' PDMAEMA
PSS PAH
Figure 1-4. Chemical structures of various polyelectrolytes used in this thesis, grouped
according to their classification as strong or weak polyelectrolytes:
poly(dimethyldiallylammonium chloride) (PDAC), poly(sodium 4-styrenesulfonate) (PSS),
poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH) and poly(dimethylamino
ethylmethacrylate) (PDMAEMA). 'n' is the number of repeat units in the polymer chain (=
degree of polymerization 'N') and varies linearly with molecular weight.
It is important to note that polyelectrolytes like those depicted in Figure 1-4, are different from
low molecular weight electrolytes in many ways owing to the connectivity of polymer chains in
which n commonly ranges from fifty to several hundred or even thousands of units2 3 25 . in
addition, charges are fixed at nanometer distances apart along the polymer backbone, often
separated only by a handful of covalent bond lengths. As such, unlike typical electrolytes,
polyelectrolytes, even in exceedingly dilute solution, have interacting charges along the polymer
backbone and a concentrated electrostatic potential that extends further than low molecular
weight electrolytes carrying only a few charges26. In dilute solution, individual polyelectrolyte
molecules represent regions of higher charge density than the bulk solution26 . Counterions are
attracted to the vicinity of charged groups on the polyelectrolyte and out in the bulk solvent,
27
away from the polyelectrolyte chain, counterion concentration tends to be very low
In aqueous solutions, polyelectrolyte chain configurations are often related to their degree of
ionization, a, where = number of charged ionized groups . In general ('Rg )1 increases as a
increases23,26 ,27. Strong polyelectrolytes are polymers carrying ionizable groups that are all
dissociated in water, independent of pH (i. e. a = 1 regardless of solution pH). Often, groups that
undergo pH independent ionization are either strongly acidic or strongly basic ones, thus the
term 'strong' polyelectrolytes.
Weak polyelectrolytes, on the other hand, carry groups that undergo pH dependent ionization.
Ionization of weakly acid or weakly basic groups follow the Equations28 29:
(17) a = 1/(1 + 10(pka-pH)) for weak acids
and (18), a = 1 - 1/(1 + 10(Pkb-PH)) for weak bases.
As such, the fraction of charged, weakly acid or weakly basic, groups along a polyelectrolyte
backbone correspondingly decrease or increase with increasing pH. The experimentally
determined pKa (or pKb) of a polyelectrolyte corresponds to the pH at which 50% of the
ionizable groups on the polyacid (or polybase) are charged, as indicated by the dotted lines
shown in Figure 1-5. It is important to note that pKa or pKb of polyelectrolytes differ from that of
the small molecule acid or basic groups free in solution due to the proximity of the ionizable
groups linked along the polyelectrolyte backbone.
To illustrate the effect of pH on polyelectrolyte ionization, Fig. 1-5 shows the idealized evolution
of ionization degree with pH expected for a strong polyelectrolyte (PSS), a weak polyacid (PAA;
pKa = 6.5) and a weak polybase (PDMAEMA; pKb = 6.9). Fig. 1-5 is illustrative in nature where
the curves were drawn using the experimentally determined polyelectrolyte pKa or pKb and the
trends in ionic equilibria expected from Equations 17 and 18. As seen in Fig. 1-5, a weak
polybase like PDMAEMA carries basic tertiary amine groups that are fully protonated and
positively charged at low pH and fully deprotonated (charge neutral) at high pH. Conversely, a
weak polyacid like PAA has carboxylic acid groups that are not dissociated and charge neutral at
low pH, but fully ionized and negatively charged at high pH.
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Figure 1-5 Idealized evolution of ionization degree with pH expected for
polyelectrolyte (PSS), a weak polyacid (PAA) and a weak polybase (PDMAEMA).
a strong
As mentioned in Section 1.2, swelling of hydrogels containing weak polyelectrolyte components
can be controlled by pH and the degree of ionization via electrostatic repulsive interactions and
extra osmotic pressure accompanying counterions necessarily present to maintain overall
electroneutrality of the gels. The degree of ionization of polyelectrolytes has several implications
pertinent to this thesis. Namely, the charge density on the polyelectrolyte backbone affects the
polymer chain configuration in solution23 as illustrated in Figure 1-6 and also affects
micellization to be discussed subsequently in Section 1.4.
Weak +
polybase +4. . +
+ +pO+~e+  + +
Increasing pH
polyacid
increasing salt concentration
Figure 1-6. Schematic illustrating the effect of pH induced changes in a on polymer chain
configurations for weak polyelectrolytes. Grey dotted downward arrows illustrate the effect of
added salt that can associate to the fixed charges on the polyelectrolyte backbone and through
charge screening lead to more collapsed chain configurations.
Since like charges along the polymer backbone repel and would like to be spatially distanced as
far apart from one another as possible, highly charged polyelectrolytes in low salt solutions are
often highly outstretched linear chains23,26 (as illustrated in Figure 1-6). Increasing the salt
concentration in the solution screens the charges from one another by reducing the Debye length
(the characteristic distance over which charges can feel one another) and allows the polymer
chain to take on more compact, coiled conformation.' 2 The same transition from a highly
stretched chain to a more coiled configuration is seen in salt free solutions when the ionization
degree, a, of weak polyelectrolytes is reduced by changing the pH2 8 ,2 9 as illustrated in Fig. 1-6.
Keeping in mind the pH and salt concentration dependence of polyelectrolyte chain
conformations in aqueous solution will be helpful in understanding how the deposition pH and
salt concentration of polyelectrolyte solutions affect Layer-by-Layer assembly to be discussed in
Section 1.5.
1.4 BLOCK COPOLYMERS & MICELLIZATION
1.4.1 Block copolymers.
Block copolymers are composed of 2 or more chemically distinct polymer chains covalently
linked together 30 . They are useful in many applications as the different polymer chemistries
when connected together can yield hybrid materials with new unique properties30 . The
simplest block copolymer is a diblock, typically denoted A-b-B (or simply A-B) to represent a
block copolymer of polymer A and polymer B. Increasing in complexity, there are linear triblock
copolymers, denoted A-B-A (for 2 polymer types) or A-B-C (for 3 different polymer chemistries)
or linear multiblocks of any number of constituents connected in sequence, end to end. Further, 3
or more polymer chains could be connected at a single point as illustrated in Figure 1-7. These
polymers are termed "star" polymers. While several other architectures exist, they are beyond the
scope of discussion here.
Linear
Star
A-B diblock
A-B-A triblock
Mixed arm
star block (A-B), star block
n = 5
A-B-C triblock
Figure 1-7. Drawings to illustrate some block copolymer architectures. A-B diblock, A-B-A
triblock and (A-B), star block copolymers in particular are of interest in this thesis. To avoid
confusion, only copolymers of 2 distinct chemistries will be discussed in this thesis henceforth.
The total degree of polymerization (in terms of a common reference segment), N, is proportional
to the overall molecular weight, and the composition of the copolymer is typically expressed in
terms of the volume fractions of the blocks, fA QcNA/N, etc.. In this thesis, for convenience of
block length identification, the degree of polymerization of each block is subscripted. For
example A50-Bioo refers to a block copolymer with 50 units of A connected to 100 units of B.
The thermodynamic interactions between any two dissimilar monomers is given by the
dimensionless interaction parameter XA (or simply X), as described in Section 1.2.1. Here
instead of a polymer-solvent interaction, the interaction between equivalent polymer segments of
A and B are considered. Once again, the greater the value of X the less the polymer segments
want to mix.
Without going too much into the details of block copolymer phase separation thermodynamics32 ,
the important point to note is that while small molecules tend to mix due to the entropic gain
from mixing, mixing of polymer chains (equivalent to 10s or hundreds of small molecule or
typical solvent units covalently linked together) is generally energetically unfavorable unless
specific attractive interactions exists between segments of the 2 dissimilar polymer chains.
Mixing two non-interacting polymers thus almost always leads to macroscopic phase
separation". When 2 dissimilar polymer chains are forced to be connected on a single molecule
level as in the case of block copolymers, macroscopic phase separation cannot occur and instead
the tendency for A blocks to associate with A blocks and B blocks with B blocks leads to
microphase separation 0,32. As such, connectivity in block copolymers give rise to useful material
properties by preserving important features of their constituent homopolymers whilst suppressing
30
macroscopic phase separation
Further, equilibrium microstructures of block copolymers are composed of regular repeating
domains of A and B where domain sizes can be continuously varied from ~ 5 - 50 nm 31. Even
the simplest diblock copolymer exhibits various equilibrium symmetries that include lamellae
(L), hexagonally arranged cylinders (C), bicontinuous gyroid (G), and body-centered cubic
arrays of spherical micelles (Sbcc)32 . By varying the molecular weight of each block and the
overall molecular weight of the block copolymer independently, independent control over the
type of domains structure, as well as control over the nanoscaled dimension of each domain is
possible32 . Microphase separation of block copolymers makes them attractive self assembling
31systems for patterning and advanced nano-material applications
1.4.2 Micellization of block copolymers in solution.
In a solvent, block copolymer phase behavior is controlled by the interaction between various
segments of the polymers, and, importantly the interactions between the polymer segments and
solvent molecules 33,34 . A selective solvent is one that prefers one block over another. Below the
crossover concentration at which polymers physically overlap, each block copolymer chain can
be fully surrounded by solvent molecules. If the solvent is unfavorable for one block, this can
lead to micelle formation 33 in dilute solution as illustrated in Figure 1-8.
AG <0
xAG A
Figure 1-8. Schematic illustrating key features of block copolymer micellization. x is the
aggregation number, A is the block copolymer in a single molecule (unimer) unaggregated state
and A, is a micelle composed of x unimers. AG, is the Gibbs free energy of micellization. Put
simply, when AGm < 0, micellization is favored. On the other hand, dissociation of micelles into
unimers is favored when AGm> 0.
Micellization can be thought of as a dynamic equilibrium between the block copolymers in a
unimeric state and micelles of various aggregation numbers, x.33 For ease of discussion, the
solvophobic, micelle core forming block (drawn in Figure 1-8 in pink) is called P and the
solvophilic, corona forming block (drawn in blue) is the B block. Through a balance of the
various energetic contributions that drive micellization3 3 , often, a dominant aggregation number
is favored (to be discussed) and micelle size follows a Gaussian distribution around that value.
In general, AG, can be decomposed into three main components:
Equation (19), AGm = (A Gm)transfer + (AGm) interf ace + (AGm) corona
(AGm)transfer is related to the transfer of the P block from a unimeric state in contact with
solvent molecules into the microphase separated environment within the micelle core where it is
in contact with other P blocks. For solvophobic P blocks, XP-solvent is generally large and the
large and negative contribution of (AGm)transjer is the main driving force for micellization.
(AGm) interface is the energetic cost of new interface formation between the P-rich micelle core
and solvated corona of B. This factor represents the desire of the system to minimize interface
per volume of B. This favors larger aggregation numbers and core size. Micelle core size
however is physically limited by fact that B blocks have a fixed length and the micelle core size
cannot exceed the length of a fully extended B block. Increasing core size is also opposed by the
entropic cost of B block stretching required for B blocks to span the radius of the micelle core. A
balance between the interface minimization and the entropic costs involved generally leads to a
favored equilibrium micelle size33
(AGm)corona involves the energetic cost of localizing the corona B chains to the corona region of
micelles. The block copolymers discussed in this thesis have hydrophilic B blocks that a
positively charged weak polyelectrolytes with pH dependent a (as seen in Fig. 1-5). The positive
charges on the B block experience electrostatic repulsion and thus add an additional (pH
dependent) energetic cost to the localization of B blocks in the micelle corona. (The effects of
pH on micellization are seen in Chapter 2.)
1.4.2a Temperature dependent micellization.
An important feature governing the micellization of block copolymers of poly(propylene
oxide)35-37 (PPO) (P blocks in Fig. 1-8 illustration) and poly(N,N dimethylamino
ethylmethacrylate) (PDMAEMA) (B blocks in Fig. 1-8 illustration) is the fact that PPO exhibits
lower critical solution behavior in water. Due to changes in the polymer backbone configuration
of PPO with chain conformations able to hydrogen bond with water favored at low temperatures
and hydrophobic conformations favored at higher temperature, PPO exhibits a temperature
dependent solubility in water 3-40. A typical phase diagram characteristic of polymers with a
lower critical solution temperature (LCST) is shown in Figure 1-9.
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Figure 1-9. Typical phase diagram of LCST polymers. The inset shows how polymer molecular
weight and other factors that can affect solvent quality like the addition of salt to water can shift
the LCST.
As illustrated in Figure 1-9, LCST polymers like PPO phase separate in water at a temperature
dependent on the concentration of PPO. PPO's LCST decreases with increasing molecular
weight36. For reference, the LCST of PPO of molecular weight 3000 g/mol is - 15 *C41. The
addition of salt 42 or other additives (e.g. surfactants43 or solvents") can change the solvent
quality of water and influence the phase transition temperature. In general, simple salts compete
with PPO in associating with water molecules and lower the solubility of PPO, shifting the LCST
42,43down . Chaotropic salts however, disrupt hydrogen bond formation in water and tend to have
an opposite effect45.
When PPO is attached to a water soluble polymer, the resulting block copolymer exhibits
temperature dependent micellization. At temperatures below the LCST of PPO, both blocks are
soluble. With reference to Figure 1-8 and Equation (19), (AGm)transfer is positive and so is the
overall AGm. At these temperatures, block copolymers exist as single molecules (unimers)
dissolved in a homogeneous single phase solution. When the temperature is increased, the
interaction between the PPO block and water becomes increasingly disfavored and energetically
costly; (AGm)transfer decreases and becomes negative. At a critical temperature, termed the
critical micellization temperature (CMT), (AGm)transfer becomes sufficiently negative and AGm
changes in sign. The overall negative AG.1 results in spontaneous micelle formation at
temperatures above the CMT.
In summary, block copolymers of PPO and PDMAEMA studied in this thesis undergo
temperature, pH and concentration dependent micellization that is also influenced by salt
concentration via effects of salt on both the electrostatic interactions between charges on
PDMAEMA and on the LCST behavior of the PPO block. Several of these factors interplay in
this thesis.
1.5 LAYER-BY-LAYER ASSEMBLY & MULTILAYER FILMS
As mentioned in Section 1.2, shrinking one dimension of a responsive hydrogel can shorten
response times by several orders of magnitude. Responsive hydrogel thin film coatings rather
than bulk gels important for active control of surface properties within nano and colloidal science;
at synthetic - biological interfaces: 46 of implants, tissue engineering scaffolds or cell culture
substrates; and in microfluidic devices, separation columns or as pore linings for active
membrane gating47-49. In general, there has been a growing focus on the creation of functional
conformal thin film coatings for a broad range of advanced applications49 . To this end, several
surface functionalization techniques like surface initiated polymerization 0 , surface grafting,
chemical vapor5 2 or plasma deposition53 , spin and dip coating techniques have been utilized.
Layer-by-Layer (LbL) assembly54 has proven to be a facile conformal coating technique based
on sequential adsorption of components that can associate via complimentary physical
(electrostatic 54, hydrophobic 55, hydrogen-bonding56 ) interactions or chemical reactions forming
covalent linkages57-59 _ENREF_56. In this thesis, electrostatically driven LbL assembly is used to
create functional thin film coatings.
As illustrated in Figure 1-10, panel (b), LbL assembly is done by the sequential dipping of
substrates, first into a solution containing a positively charged species (+), rinsed three times
(+R1, +R2, +R3), then dipped in a solution containing the negatively charged species (-) and
then rinsed three times (-RI, -R2, -R3), after which this cycle is repeated.
Layer-by-Layer Assembly
b ++
Planar substrates + + Planar substrates
+
Spherical colloids ++ + Spherical colloids11111 C*:
+ +R
Porous substrates Porous substratesI ~L-
Figure 1-10. Schematic of Layer-by-Layer (LbL) assembly process.
The typical dipping sequence used for LbL assembly in this thesis consists of 10 min immersions
in the (+) and (-) solutions followed by immersion in the respective rinse solutions, (RI) for 2
min, and (R2) and (R3) for 1 min each. Conventionally, LbL assembled coatings made after y
deposition cycles are denoted as (Positive species Zi/ Negative species Z2)y, where Zi is the pH
of the (+) solutions and Z2 that of the (-) solutions unless mentioned otherwise. y is typically
known as the bilayer number in the LbL community and stands for the number of positive and
negative layers deposited in the sequence. Starting with a substrate with negative surface charge,
the (+) species is deposited first and a whole number for y indicates that the deposition was
ended with the negative species on top. A half bilayer, (e.g. 10.5 or 20.5 bilayers) indicates that
the deposition cycle was ended with the deposition of the positive species on top. As depicted to
the sides of the (+) and (-) solutions in panel (b), examples of Positive species used for LbL
deposition in this thesis include positively charged micelles, polycations, unimers of positively
charged block copolymers or positively charged inorganic nanoparticles. Negative species
include polyanions and negatively charged inorganic nanoparticles. Further, as illustrated in
panels (a) and (c), there is great flexibility in the choice of substrates used for LbL assembly58.
The ability to create conformal coatings on substrates of unique geometries that range from
macroscopic objects to free floating nano or micron sized colloids60,61 and also within confined
geometries of nano-channels 62 or membrane pores63-65, lends LbL assembly tremendous
versatility66 ,67. The thickness of LbL assemblies can be controlled by the number of deposition
cycles and fine tuned by adjusting key parameters like solution pH68'69 and salt concentration 70' 71
which affect charge interactions and polyelectrolyte chain conformation 23 -26 (described in
Section 1.3) and surface deposition 24,72. This thesis explores LbL assembly as a means to create
responsive thin film hydrogel coatings (Chapters 2-5) and as a means to create tunable anti-
reflective coatings (Chapters 6), demonstrating the broad capability of this technique in
addressing a diverse set of technological problems.
1.6 THESIS OUTLINE
The main goal of this thesis is to develop Layer-by-Layer assembly of temperature responsive
block copolymers as a facile method for creating conformal, thin film, responsive hydrogel
coatings.
Chapter 2 explores the pH and temperature dependent micellization of temperature responsive
triblock copolymers in solution and relates various LbL assembly parameters to the functionality
of the final construct. Through the systematic study in Chapter 2, the LbL conditions necessary
to allow for LbL assembly of thin films that exhibit temperature driven large scale, reversible
swelling transitions are determined.
In Chapter 3, the synthesis of various block copolymers (BCPS), designed to complement the
study in Chapter 2, is presented. There, the synthesis procedures for end functionalization of
precursor poly(propylene oxide) molecules and atom transfer radical polymerization of poly(N,N
dimethylamino ethylmethacrylate), in addition to the characterization of the synthesized BCP
products are described.
In Chapter 4, the block copolymers synthesized in Chapter 2 are used to systematically study the
effect of block copolymer architecture on the swelling transitions of temperature responsive
multilayers assembled from the BCP micelles and poly(acrylic acid). Key influences of block
copolymer connectivity and molecular weight are exposed.
Chapter 5 explores various functional aspects of conformal coatings composed of the
temperature responsive hydrogels developed in earlier chapters. Their application to temperature
based membrane gating; template based creation of functional nanostructures like nanotubes;
temperature enabled loading and sustained release of proteins; and tunable disintegration useful
for triggered release are demonstrated.
In Chapter 6 a different application of LbL assembly using inorganic nanoparticles is explored.
LbL assembly proved to be a facile means to create porous low refractive index, high quality UV
anti-reflective (AR) coatings for optical application to PMMA Fresnel lenses. Through this, the
versatility of LbL assembly as a conformal surface modification technique useful in addressing a
diverse set of technological challenges is demonstrated. In addition, to achieving coatings of high
AR quality, several strategies for stabilization of the inherently weak porous coatings are
explored. The theme of block copolymer utility persists in the first strategy where diblock
copolymers are applied to modify PMMA surfaces before LbL assembly. In particular, through
the work in Chapter 6, a novel means to generate stable, inversely structured surface nano-
porosity in thermoplastic materials is developed.
Chapter 7 closes this thesis with a summary of the key findings in each chapter and provides a
broader perspective and recommendations for future work.
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CHAPTER 2: SWELLING TRANSITIONS IN MULTILAYERS
OF A CATIONIC TRIBLOCK COPOLYMER AND A
POLYACID
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2.1 Abstract
In this chapter, layer-by-layer (LbL) assembly is explored as a means to create thin film
hydrogels with the ability to undergo thermally-induced large-scale and fully-reversible
volumetric changes. Poly(N,N-dimethylaminoethyl methacrylate)-b-poly(propylene oxide)-b-
poly(N,N-dimethylaminoethyl methacrylate) (abbreviated "PD-PP-PD") was used as a dual pH
and temperature responsive component in the electrostatic self-assembly of multilayer thin films.
In aqueous solution, the dehydration temperature of the central poly(propylene oxide)(PPO)
block, attached to weak polyelectrolyte end blocks of poly(N,N-dimethylaminoethyl
methacrylate) (PDMAEMA), was strongly dependent on solution pH, as shown by micro-
differential scanning calorimetry (micro-DSC) and dye solubilization techniques. Multilayer
films of this cationic triblock copolymer were assembled with poly(acrylic acid) (PAA) or
poly(4-styrene sulfonate) (PSS) at various pH values, where the triblock copolymer was
incorporated within the film either as unimers or micelles. Using in situ ellipsometry, we showed
that the polyanion type and the self-assembly pH were both critical parameters in the
construction of functional films that change their swelling degree in response to changes in
temperature. In particular, strongly associated PD-PP-PD/PSS multilayers, regardless of
assembly pH, lacked temperature sensitivity and maintained a constant swelling degree over a
wide range of pH and temperature. On the other hand, the temperature response of PD-PP-
PD/PAA films was strongly dependent on the self-assembly pH. While swelling of PD-PP-
PD/PAA films constructed at pH 5 5 was independent of temperature, multilayers assembled at
pH > 6 showed fully reversible, 3 to 5-fold changes in film thickness in response to temperature
cycling between 6 C and 20 C. This temperature responsive behavior is enabled by the ability
of PPO domains to reversibly transit between swollen hydrated and collapsed poorly hydrated
states. These nano-composite coatings show highly reproducible and reversible swelling
transitions that can be useful for various biomedical and device applications.
2.2 Introduction
Materials that respond to environmental changes or enable triggered, on-demand responses when
a suitable stimulus (such as light, temperature, pH, or salt concentration) is applied are promising
for a range biomedical and micro-mechanical device applications. In particular, for biological
systems where pH is often limited to a narrow range of values, temperature, as opposed to pH
control, provides a convenient means of externally triggered response. There has been
considerable effort to develop responsive materials that change dimensions,1- 3 mechanical
properties,5 wettability,6-9 and permeability 0 with temperature. To achieve the desired
thermal responsiveness, polymers that undergo reversible temperature-dependent hydration in
aqueous environments have been studied; examples include poly(N-substituted acryl amides),
poly(N-vinyl alkyl amides), poly(vinyl ethers), and poly(ethylene oxide-co-propylene oxide) 3 -17 .
These polymers have traditionally been utilized as covalently cross-linked water-swellable bulk
materials. However, the macroscopic dimensions of these polymerized gels result in slow
response kinetics which may restrict their potential applications. To circumvent these limitations,
several studies have focused on reducing the dimensions of these materials and creating thin film
coatings of thermally responsive polymers.
Layer-by-layer (LbL) assembly by sequential adsorption of components that interact via
electrostatics,18 hydrogen bonding19 or specific chemical reaction20 has proven to be a facile
method that can create conformal coatings, of several angstroms to microns thick, on a variety of
substrates." Major benefits of this technique are the ability to employ all-aqueous processing, to
control nanometer-scale thicknesses, to customize the molecular composition, and to introduce
porosity into thin film coatings. By applying the LbL technique to sacrificial template colloid
materials, one can also easily create hollow capsules.21 22 Temperature or pH responsive capsules
23-25have thus been created via LbL assembly.2- In order to confer LbL multilayers with
temperature sensitivity, a temperature responsive component is incorporated. One of the first
approaches to create temperature responsive thin film hydrogels via the LbL method was
demonstrated by Serizawa et. al. and involved sequential reactions between poly(vinyl amine-co-
N-vinylisobutyramide) and poly(acrylic acid) (PAA) on a gold surface.26 Subsequently,
electrostatically assembled multilayers were created by Steitz R et. al. using a diblock of poly(4-
27styrene sulfonate)-b-poly(N-isopropylacrylamide) (PSS-b-PNIPAM) and polycations. K. Glinel
et. al. reported the creation of hollow thermo-responsive multilayer capsules of similar diblock
copolymers.28 However, in these reports, the response of the LbL films to temperature was
irreversible. While limited to micron scale dimensions and acidic media, reversible swelling of
electrostatically assembled LbL films of PNIPAM-co-PAA microgels with poly(allylamine
hydrochloride) (PAH) was reported by Serpe et. al..29 These temperature-responsive microgel
multilayers demonstrated thermally triggered release of insulin 30 and doxorubicin 3 1 at acidic pH
values. Recently, Jaber and Schlenoff documented the molecular level reversible uptake and
release of water from electrostatically self-assembled multilayers of random copolymers
PNIPAM-co-PSS and PNIPAM-co-PAH with corresponding changes in multilayer
permeability. 32 Hydrogen-bonded (H-bonded) LbL assembly of temperature responsive polymers
is another viable route to create temperature responsive films. Several possible H-bonded
systems are described by Kharlampieva, E. et. al..33 Quinn and Caruso demonstrated the use of a
PNIPAM and PAA H-bonded system to load and release a hydrophobic dye with temperature
cycling,3 4 while more recently, Z. Zhu et. al. demonstrated the temperature induced swelling and
small molecule release from hydrogen bonded poly(N-vinylpyrrolidone)-b-PNIPAM micelles
and poly(methacrylic acid) (PMAA).3 5 Further, the stability of H-bonded multilayers containing
temperature-responsive homopolymers (such a PNIPAM) has been found to be temperature
dependent. The dissolution of these H-bonded multilayers below a critical temperature has been
used to harvest micron sized patches of patterned polyelectrolyte multilayers,36 and studied in
detail for application as temperature-triggered release films. 37 One limitation of hydrogen-
bonded films is their pH stability which is limited to pH values below the pKa of the H-bond
donor.
In this Chapter, the creation of temperature-responsive LbL films that demonstrate temperature-
triggered swelling transitions in a wide range of pH is described. This strategy offers a new
avenue to confer novel and useful properties to LbL assemblies. We demonstrate that the use of
an A-B-A triblock copolymer with charged end-blocks A and a thermo-responsive middle-block
B provides large, well-defined and reversible dimensional changes of the film with temperature.
Separation of binding and response functions between the end blocks and the central block of the
A-B-A triblock copolymer is ideal for achieving two key functions of responsive multilayers.
First, in such configuration, the temperature response properties, defined by the length and
character of the central block, are conserved and not 'diluted' by a random distribution of
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hydrophilic charged monomer units which would raise the lower critical solution temperature
(LCST) of the copolymer 38 and form ionic crosslinks within electrostatically assembled films,
both of which would compromise the temperature response of this unit. Second, the central B
block of the A-B-A triblock copolymer, capable of collapsing in response to temperature
variations, is able to effectively transmit this contraction throughout the electrostatically bound
network because it is structurally fixed within the film by attachment through charged A blocks
at both ends. We describe the use of a symmetric A-B-A triblock copolymer; PDMAEMA-b-
PPO-b-PDMAEMA (abbreviated "PD-PP-PD") to create reversibly temperature-responsive
multilayers. PPO exhibits LCST behavior and its temperature dependent solubility in water as
part of copolymers is best documented within the family of non-ionic di- and tri- block
copolymers of poly(ethylene glycol) (PEO) and PPO commonly known as Poloxamers and
commercialized under the trade name Pluronic@. 39-44 PD-PP-PD is an interesting polyelectrolyte
analogue of the well-known PEO-b-PPO-b-PEO triblock copolymers which should have similar
phase and temperature responsive properties based on the central PPO block of similar molecular
weight. Armes and co-workers have done significant work on synthesis and solution
characterization of various different PDMAEMA containing di-, tri- and ter-block copolymers, 45
49 while the solution pH and temperature sensitivity of PD-PP-PD in particular has been reported
by Ni et. al. .50 Here we present the use of a triblock copolymer with charged anchoring end-
blocks to create electrostatically assembled multilayers with broad pH stability and large
amplitude, fully reversible swelling and de-swelling temperature responsive properties. We show
that the multilayers' temperature response is critically dependent on both the assembly
conditions and the choice of anionic binding partner for electrostatic self-assembly. These
findings demonstrate that the incorporation of triblock copolymers into multilayer films is an
effective means to include nanoscopic domains with partitioning, reactive or stimuli responsive
functions through selection of an appropriate central block.
2.3 Materials and methods
Materials. Poly(acrylic acid), PAA (M, >_ 200000 g/mol; 25% aqueous solution) from
Polysciences, Inc., poly(4-styrene sulfonate), PSS (Mw -70 000) from Sigma-Aldrich, poly(N,N-
dimethylaminoethyl methacrylate)-b-poly(propylene oxide)-b-poly(N,N-dimethylaminoethyl
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methacrylate), PD-PP-PD (M, -1600-3000-1600) triblock copolymers from Polymer Source,
Inc., and 1,6-diphenyl-1,3,5-hexatriene (DPH) from Sigma Aldrich were used as received.
Multilayer Construction. For building of multilayers, we used 10-2 M solutions (based on the
repeat unit molecular weight) of PAA or PSS polyanions, and 0.1 mg/ml solutions of PD-PP-PD
polycation in de-ionized, ultrapure Millipore water with resistivity 18 MO-cm (abbreviated as
"DI" henceforth). The pH of all polymer solutions and the DI rinse solutions were adjusted to
the desired dipping pH by the addition of 1M NaOH or 1M HCl. Substrates used were polished
<100> silicon wafers purchased from Wafernet. Wafers were first UV irradiated for 2 hrs, rinsed
in DI water, dried and further cleaned using 150 mTorr oxygen plasma (PDC-32G, Harrick
Scientific Products, Inc.) for 30 min. All multilayer thin films were assembled at room
temperature (RT) (of -24 "C) by an automated StratoSequence VI spin dipper (from nanoStrata
Inc.), controlled by StratoSmart v6.2 software, with substrates spun at 130-160 rpm. The
dipping time in each polymer solution was 10 min followed by three rinse steps (of 2, 1, and 1
min each) in DI water adjusted to the same pH as the polymer solutions used. The nomenclature
for PEM films follows the convention ("polycation"/"polyanion"Y)z, where Y represents the pH
of the polycation, polyanion and DI water rinse solutions used during assembly and Z is the total
number of bilayers (polycation + polyanion) deposited. Since the substrates used have an
originally negative surface potential, the first component deposited is the polycation and integral
values of Z indicate that the PEM was finished with a polyanion deposition step.
Spectroscopic Ellipsometry. Thicknesses and refractive indices were measured using a
Woollam Co. VASE spectroscopic ellipsometer. Data were collected between 300 and 1000 nm,
at a 700 incidence angle, and analyzed with WVASE32 software package. Data were fitted with
a Cauchy model, which assumes the real part of the refractive index, nf, as a function of
wavelength, X, to be nf(X) = An+Ba/k2+Cn/A, where An, Bn, and Cn are fitted constants. Film
thicknesses were also independently confirmed (to be withinl0%) using a P16 (KLA-Tencor
Corporation) surface profiler. For in situ ellipsometry swelling measurements, a home-built
quartz cell was used to measure film thickness when immersed in aqueous solution as described
in a previous publication.5 1 The refractive index of the pH-adjusted DI solutions was assumed to
be that of water (1.33). Since the lateral dimensions of the substrate-bound thin films are
constrained, the swelling ratio of the PEMs in solution was defined as the ratio of the swollen
film thickness to dry film thickness.
Micro-Differential Scanning Calorimetry (micro-DSC). Differential scanning calorimetry
measurements were done using a Microcal MC-2 instrument (Microcal Inc., Amherst, MA). 0.7
ml of DI or sample was used in Hastelloy reference or sample cell, respectively. Both reference
and sample cell were sealed during the measurements to prevent solvent evaporation at higher
temperatures. Solutions of 3.3 mg/ml PD-PP-PD were adjusted to pH 4, 5, 6, 6.5, 7, 7.5, 8, or
11.4 prior measurements. Temperature scans were performed at a ramp rate of 1 K/min. Cycles
between 5 and 65 0C were repeated at least three times for each sample to ensure reproducibility
of the exothermic and endothermic temperature-induced transitions.
Dye Solubilization. A stock solution of 0.4 mM DPH in methanol and separately, PD-PP-PD
solutions of 1 mg/ml and 0.1 mg/mI in DI were adjusted to pH 4, 7, and 8. 15 [tL of the
DPH/methanol solution was added to 1.5 ml of the PD-PP-PD solution to obtain a 0.004 mM
solution of DPH in 1 v/v% methanol/water. Samples were poured in Teflon-stoppered
disposable plastic UV-transparent cuvettes with a path length of lcm, and left in the dark to
equilibrate at 6 0C for 2 hrs before spectroscopic measurements. Using the method described by
52P. Alexandridis et. al., the absorption spectra of the copolymer/DPH/water samples were
recorded in the 300 - 500 nm range using a Varian, Cary 500i UV-Vis-NIR dual-beam
spectrophotometer, equipped with a temperature controller connected to an electro-thermal
multi-cuvette holder. The temperature range of 6 - 40 0C was scanned with a heating rate of 0.06
K/min. The peak absorption at 356 nm, characteristic of DPH, was recorded as a function of
temperature.
Dynamic Light Scattering. The number average hydrodynamic diameter of PD-PP-PD unimers
and micelles in solution at various pH and temperature were determined using ZetaPals
(Brookhaven Instrument Corp.) with temperature control and particle sizing functions.
2.4 Results and discussion
2.4.1 Temperature-triggered micellization of PD-PP-PD in solution.
2.4.]a Effects of pH.
Prior to depositing PD-PP-PD within multilayer films, we studied the solution properties of PD-
PP-PD to determine its temperature dependent hydration as a function of solution pH and ionic
strength. We used two techniques: micro-DSC and a dye solubilization technique. Micro-DSC is
a well documented method used to determine the LCST of polymer solutions,53 study
temperature dependent micellization,5 4 or thermally induced collapse and aggregation of block
copolymers.55'56 For di- and tri-block copolymers containing 1.6 - 4 kDa PPO blocks, a range of
micellization temperatures between 5 and 50 C52,'7 have been reported. Since PDMAEMA has a
LCST of -75 0C for solutions at pH 7,58 solutions were not heated above 65 C to avoid
precipitation of the polymers. In micro-DSC experiments, an endothermic event associated with
PPO dehydration and aggregation is observed during heating, and a corresponding exothermic
event associated with PPO hydration and dissolution occurs during cooling. Since the onset
temperature of the thermal events were close to the lower temperature limit of the instrument in
some cases, the micellization temperature (MT) was taken as the temperature at which peak heat
flow was recorded during cooling. Although the cooling process corresponded to dissolution of
micelles rather than micellization, this exothermic event was used to characterize the MT
because it showed better reproducibility and more well-defined peaks. The aggregation and
micellization process during heating gave broader and occasionally irregularly shaped peak
regions that stretched across the same temperatures corresponding to the de-micellization event
registered during cooling. Representative heating and cooling curves obtained from micro-
calorimetric measurements of the triblock copolymer at 3.3 mg/ml in DI water adjusted to pH 7
are presented in Appendix A, Figure A-1.
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Figure 2-1. pH dependence of the micellization temperature in 3.3 mg/ml PD-PP-PD solutions
with no added salt. The MT was determined from the peak exotherm observed during cooling
from 65 to 6 0C in micro-DSC experiments. Cartoons show the state of the polymer chains above
and below the MT at the pH extremes.
Figure 2-1 shows that the MT of PD-PP-PD was strongly dependent on solution pH. The MT
decreased from 31 to 12 0C as the pH was increased from 4 to 11.4. As mentioned in the
introduction, PPO has been extensively studied as part of di- and tri- block copolymers with
hydrophilic polymer blocks, namely PEO. These amphiphilic block copolymers show rich
composition, temperature and concentration dependent phase behavior40'5 7'59 with micellization
temperatures tunable between 5 - 50 *C.5 2,5 7 Our data fall reasonably within this range of values.
Unlike the end blocks of PEO-b-PPO-b-PEO, PDMAEMA is a weak polybase with a variable
charge density. When a weak polyelectrolyte (wPE) acquires additional charge, its crowding in
the micellar corona becomes increasingly energetically unfavorable, and the increased barrier
towards micellization is revealed in an increase in MT. Indeed, in our case (Fig. 2-1), a sharp
increase in MT from - 13 'C to -30 'C occurred when pH was lowered from 7.5 to 6, i.e. in the
region close to the pKa of PDMAEMA of -6.7 as reported by others,60 and confirmed for this
polymer by potentiometric titration. Our finding that the solution pH and ionization of the
PDMAEMA end blocks strongly influence the ability of PD-PP-PD's to form micelles is
consistent with the literature on other wPE block copolymers.48,61-63 Above pH 7.5, the
PDMAEMA blocks in PD-PP-PD were weakly ionized, and micellization occurred at around 13
C. At pH 6 and below, the high positive charge density on PDMAEMA posed an energetic
barrier to the formation of micelles increasing the MT to -30 "C.T
The data on pH-dependent micellization of PD-PP-PD was also confirmed using a dye
solubilization technique; another established method to determine critical micelle concentration
(CMC) and critical micellization temperature (CMT).5 2 Absorption and fluorescence of 1,6-
diphenyl-1,3,5-hexatriene (DPH) is minimal in water, but increases significantly when DPH is
incorporated into hydrophobic cores of micelles formed above the CMC (at a fixed temperature)
or CMT (at a fixed concentration). Following the protocol used by P. Alexandridis et. al.,5 the
absorbance of PD-PP-PD and dye solutions was recorded at 356 nm as a function of solution
temperature, and the CMTs were obtained from the first break in the sigmoid curves showing an
increase in absorbance with increasing temperature (refer to Figure A-2 in Appendix A). Table
2-1 compares the CMT obtained from dye solubilization and the estimated MT from micro-DSC.
The values for the MT obtained with the two different techniques agreed within 2 0C. From both
the micro-DSC and dye solubilization data, we confirmed that, in the absence of added salt, in
0.1 mg/ml solutions of PD-PP-PD, at RT of -24 0C, the triblock copolymer was molecularly
dissolved at pH < 6, while it formed PPO-core/PDMAEMA-corona micelles at pH > 7.
Table 2-1. Micellization temperatures of PD-PP-PD solutions at different pH obtained using
microDSC and DPH-solubilization techniques.
Solution MTmicro-DSC, 0C CMTdye solubilization, C
pH
4 30.5 30.0
7 18.0 16.5
8 13.5 12.0
t The thermodynamics of micellization is briefly described in Chapter 1, Section 1.4.2.
Micellization and micelle sizes were also studied using dynamic light scattering (DLS) (shown in
Figure A-3, Appendix A). At temperatures below 10 0C, a number average hydrodynamic
diameter of - 6 nm was detected in both PD-PP-PD solutions at pH 4 and pH 7, consistent with
the presence of unimers. In contrast, as the temperature was increased, the hydrodynamic size
evolution drastically differed between pH 4 and pH 7 solutions. While at pH 4, the small,
unimer-like size of -6 nm persisted up till 30 C, a sharp increase in number average
hydrodynamic diameter to -19 nm occurred in PD-PP-PD solutions at pH 7 at -20 0C. As a
lower bound theoretical estimate of the block copolymer dimensions, we calculated the radius of
gyration (assuming theta conditions), Rg = N05 b/6 05 , where N is the number of polymer
segments and b is the segmental length. The hydrodynamic radius, Rh =0.66 R9 and for our
triblock copolymer (N - 74, b ~ 0.33 nm), the resulting hydrodynamic diameter, Dh = 2 Rh ~ 1.53
nm. The experimentally obtained Dh at low pH (pH 4) is ~ 4x higher because water is a good
solvent for the PDMAEMA end blocks and electrostatic repulsions between DMA units cause
further electrostatic chain extension. Above 20 C at pH 7, the micellar diameter was - 19 nm - a
reasonable size given PD-PP-PD has a contour length of 25 nm (assuming backbone C-C-O and
C-0-C bond angles of 109.50 and 1150 respectively, together with characteristic bond lengths of
1.54 A for C-C bonds and 1.43 A for C-O bonds). The DLS-inferred MT of PD-PP-PD indicated
by the increase in hydrodynamic diameter agreed well with both the micro-DSC and dye
solubilization data.
2.4.1b Effects of salt on micellization.
To confirm that the high degree of ionization and electrostatic repulsions between PDMAEMA
end blocks was the key factor contributing to the increased CMT of PD-PP-PD at low pH values,
we used salt to screen the charges on PD-PP-PD at pH 4 and investigated the effect this had on
micellization. At pH 4, micellization of PD-PP-PD in 0.2 M NaCl solutions occurred at -19 0C
instead of -31 "C in the absence of added salt (Figure A-4, Appendix A). This result shows that
by screening the charges on the PE block, the decreased electrostatic repulsions between corona
chains do indeed lead to more facile micellization.
2.4.2 Multilayers of PD-PP-PD with polyanions.
2.4.2a Layer-by-layer assembly of PD-PP-PD with PSS vs PAA.
With an understanding of the pH and temperature dependent solution behavior of PD-PP-PD, we
set out to determine how the two possible molecular states (unimer versus micelle) could
influence the multilayer assembly process. All multilayers discussed in this chapter were
assembled from aqueous solutions with no added salt and at room temperature of -24 *C. Figure
2-2 shows the evolution of the dry ellipsometric film thickness from LbL assembly of PD-PP-PD
with PAA or PSS at pH 4 or pH 7. The film growth was dramatically dependent on the polyanion
type used in the multilayer assembly (Fig. 2-2). While the PD-PP-PD/PAA system exhibited
exponential type growth and a large increase in thickness with layer number, growth of the PD-
PP-PD/PSS multilayers was essentially linear with very small thickness increments per
deposition cycle. Table 2-2 shows the average thickness increment per bilayer for each of the
systems obtained from linear fits to regions of the growth curves shown in the inset of Figure 2-2.
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Figure 2-2. Thickness of multilayer assemblies as a function of the number of bilayers deposited
from solutions without added salt at 24 C. Inset shows the line fit to linear regions of each curve
as well as the slope of the curve and standard error of the fit.
Table 2-2. Average thickness increment per bilayer for (PD-PP-PD/PAA4.0) 15-25, (PD-PP-
PD/PSS4.0) 1-60, (PD-PP-PD/PAA7.0)6- 30, and (PD-PP-PD/PSS7.0) 1 40.*
System Thickness perbilayer (nm)
(PD-PP-PD/PAA4.0)15 -25  60.9
(PD-PP-PD/PSS4.0) 1-60  0.5
(PD-PP-PD/PAA7.0) 16-30  22.2
(PD-PP-PD/PSS7.0)1. 40  1.9
* Subscripts indicate regions of linear film growth used to calculate the incremental bilayer
thicknesses.
2.4.2b Layer-by-layer assembly of PD-PP-PD with PSS.
In the case of the PD-PP-PD/PSS multilayer system assembled at pH 4.0, the very low thickness
increments are similar to what has been observed when two fully charged polyelectrolytes were
assembled in the absence of added salt.64 AFM studies done by Tsukruk et al.,65 for example,
have also shown that PSS adsorbs to positively charged surfaces as a smooth thin layer
composed of highly flattened macromolecular chains. Since PSS is a strong polyelectrolyte, the
PSS chains are fully charged and present a high negative surface charge density to the adsorbing
PD-PP-PD molecules that, in turn, adsorb in a flat outstretched manner. As such, the (PD-PP-
PD/PSS4.0) multilayers consist of thin layers of PSS and PD-PP-PD. It is interesting to note that
the neutral central PPO block does not seem to significantly influence the growth behavior under
these conditions. Unlike the PD-PP-PD solution used at pH 4.0, at pH 7.0, the PD-PP-PD
solutions at room temperature (-24 C) contained both positively charged micelles and unimers
(see Fig. 2-1). As a result of this difference, the (PD-PP-PD/PSS7.0) system had a larger
thickness increment per bilayer than (PD-PP-PD/PSS4.0). Interestingly, compared to the
thickness increment reported for LbL assembly of micelle-micelle multilayers, of 20 - 30 nm per
layer of micelles deposited,66 the bilayer thickness increment for the (PD-PP-PD/PSS7.0) film of
1.9 nm per bilayer is much lower and closer to that expected from LbL assemblies of non-
micellar polyelectrolyte systems. It is possible that during LbL deposition, while micelles of -19
nm in diameter attach to the substrate in the PD-PP-PD solution, in the PSS solution, the strong
complexation between PSS and the PD-PP-PD chains can result in partial dissolution of the
micelles.
2.4.2c Layer-by-layer assembly of PD-PP-PD with PAA.
In the case of the PD-PP-PD/PAA multilayer system, exponential growth with large bilayer
thickness increments was observed. Exponential growth often results from the ability of at least
one of the polyelectrolyte components deposited to diffuse into and out of the film during
deposition.67-69 Since AFM studies revealed insignificant changes in surface roughness of these
films with bilayer deposition number, exponential growth of PD-PP-PD/PAA multilayers
suggests that large-scale inter-diffusion is occurring during the assembly process. This diffusion
enabled exponential growth has been observed in a variety of multilayer systems.67-70 The
weaker ionic bonding between the carboxylic groups on PAA and the charged amine groups on
the PDMAEMA blocks allow inter-diffusion of components being deposited into the multilayer.
Lynn and co-workers70 observed exponential growth during the assembly of low molecular
weight PAA chains with the weak polybase PAH. In our case, however, the molecular weight of
the PAA chains is high enough to inhibit diffusion of PAA, suggesting that PD-PP-PD chains
with a low molecular weight of 6200 Da are the diffusing entity. The average per bilayer
thickness of 60 nm obtained for (PD-PP-PD/PAA4.0) is similar to the thickness increments of
70
exponentially growing PAHIlow molecular weight PAA multilayers previously reported, while
the thickness increment for the (PD-PP-PD/PAA7.0) system of - 20 nm per bilayer is of the
order of the micelle size and similar to that seen in the all-micelle multilayers. 66
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Figure 2-3. Growth curves obtained for (PD-PP-PD/PAA4.0), (PD-PP-PD/PAA6.0), (PD-PP-
PD/PAA7.0), and (PD-PP-PD/PAA8.0) systems.
2.4.3 Effect of pH on the assembly of the PD-PP-PD/PAA system.
To further explore the effect of assembly pH on the growth behavior of the PD-PP-PD/PAA
system, we studied LbL assembly at pH 4, 6, 7, and 8. Figure 2-3 shows the effect of pH on the
assembly of PD-PP-PD with PAA. The largest overall thickness increments are observed at pH
4, well below the pH at which micelles are formed at RT (-24 0C) (see Fig. 2-1).
The pKa of PAA in the absence of added salt has been reported to be about 6.5.71 Thus, in the
pH range of 4 - 6, the PD-PP-PD triblock copolymers exist in solution as unimers and the PAA
chains have a degree of ionization that ranges from about 10 to 40% (note: the degree of
ionization of a weak polyelectrolyte can change significantly when chains are incorporated into a
multilayer). 64 ,71 Below pH 7, the charge density on PAA increases with increasing solution pH,
as such, from pH 4 to pH 6, the increasing charge density on the PAA chains inhibits this
diffusive growth process to some extent and smaller thickness increments are observed with
assembly at pH 6 compared to assembly at pH 4. At both pH 7 and pH 8, PAA chains are fully
charged. Instead PD-PP-PD micelles have PDMAEMA blocks with charge density that decreases
with increasing pH. Larger bilayer thickness increments are thus observed at pH 8.
It is noteworthy that the behavior of a polymer chain free in solution often differs from its
behavior when adsorbed at a surface. As seen in Fig. 2-1, at 24 "C, solutions of PD-PP-PD at pH
6 are close to the micellization temperature. Both theoretical 72 and experimental studies73
indicate that charged amphiphilic block copolymers or surfactants in solutions below their CMC,
can form micelles at oppositely charged surfaces as the local concentration of charged unimers in
the vicinity of an oppositely charged surface exceeds their bulk solution concentration. Due to
the similarities in the growth character, dry film morphology (shown in Appendix B, Fig. B-9)
and swelling behavior (discussed in section 2.4.4b.) of the (PD-PP-PD/PAA6.0), (PD-PP-
PD/PAA7.0) and (PD-PP-PD/PAA8.0), distinct from (PD-PP-PD/PAA4.0), we believe that
micelles were incorporated into multilayers of PD-PP-PD and PAA assembled at pH 6.
2.4.4 Temperature response of PD-PP-PD containing multilayers.
2.4.4a Effect of PD-PP-PD morphology in solution and polyanionic binding partner on the
swelling of PD-PP-PD/polyanion multilayers.
The temperature dependent swelling of multilayers containing PD-PP-PD was monitored using
in situ ellipsometry. For these experiments, all films were assembled from salt free solutions at -
24 *C. Comparing (PD-PP-PD/PSS7.0), (PD-PP-PD/PAA7.0), (PD-PP-PD/PSS4.0), and (PD-
PP-PD/PAA4.0), it is evident from Figure 2-4 that only multilayers of (PD-PP-PD/PAA7.0)
showed temperature dependent swelling in DI water adjusted to pH 7. The swelling ratio is
defined as a ratio of the ellipsometric thickness of a multilayer in solution to that of a dry film. In
the case of the (PD-PP-PD/PAA7.0), the thickness changes that occurred with changes in
temperature were dramatic: the multilayer film thickness increased to 2146 nm (4.llx its dry
thickness of 522 nm) at 6 0C and decreased to 941 nm (1.8x its dry thickness) at 20 0C.
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Figure 2-4. Temperature-dependent swelling of PD-PP-PD-containing multilayers deposited
from solutions, with no added salt, at -24 *C and subsequently exposed to DI water adjusted to
pH 7. Multilayers of PD-PP-PD were constructed at pH 4 or 7 using PAA or PSS as polyanions.
The cartoon illustrates the temperature induced hydration of micelle cores and thus additional
swelling of the (PD-PP-PD/PAA7.0) multilayer that occurs at low temperature.
This dramatic volumetric transition revealed by the sigmoid shape of the swelling ratio versus
temperature plot is a direct consequence of temperature-induced conformational changes in the
backbone of PPO that results in a transition from a hydrophilic to a more hydrophobic state as
the temperature is raised.4 ' 4 At 6 0C, the PPO segments are able to form hydrogen bonds with
water molecules and this association facilitates water uptake and the large degree of swelling at
this temperature. Importantly, dissolution does not occur because ionic cross-links between
PDMAEMA and PAA segments remain intact to sustain the network structure in the system.
Between 10 and 16 *C, the PPO segments transition into a more hydrophobic form. At 20 *C,
PPO is poorly hydrated and water is expelled from the PPO micelle cores resulting in the
observed de-swelling.
In the (PD-PP-PD/PAA4.0) multilayers, PD-PP-PD chains were assembled as unimers and the
exposed central PPO block can form hydrogen bonds with the -COOH groups on weakly ionized
PAA at pH 4. Since the temperature-induced swelling response of PPO is dependent on
hydrogen bond formation between PPO and water molecules at low temperatures, temperature-
induced swelling would not be expected in systems where PPO is already H-bonded with PAA.
At this point however, it is not conclusive whether the lack of temperature induced swelling in
the (PD-PP-PD/PAA4.0) multilayers is caused by (1) the incorporation of the block copolymer
as individual chains rather than phase separated micellar structures, (2) direct hydrogen bonding
between the PPO blocks and the PAA, or (3) a higher ionic crosslink density resulting from the
higher charge density of the PDMAEMA end blocks at pH 4 compared to pH 7, as each of these
factors can contribute to the results observed.
While micelles are present in the PD-PP-PD solutions used in assembly of both (PD-PP-
PD/PSS7.0) and (PD-PP-PD/PAA7.0) multilayers, a temperature dependent increase in swelling
at low temperatures was not observed in the (PD-PP-PD/PSS7.0) multilayer. This is a result of
the different types of polyanions used in multilayer assembly. PSS and PAA differ in their
strength as polyacids and thus differ in the stability of the ionic bonds they form within the
multilayer: sulfonate-ammonium versus carboxylate-ammonium interactions. Ionic cross-links
between sulfonate groups on PSS and protonated amine groups on PDMAEMA, unlike the ionic
cross-links between PAA and PDMAEMA are much stronger and not susceptible to exchange
and rearrangement. 75 Consequently, (PD-PP-PD/PSS7.0) films are held together by a tighter
network of stronger ionic crosslinks.
These results show that the morphology of the block copolymer, the type of bonding that
operates within the multilayers, as well as the density and the nature of ionic bonds between
different polyelectrolytes have a profound effect on the resulting molecular architecture of these
multilayers, and their ability to respond to stimuli.
2.4.4b Effect of assembly pH on the swelling of PD-PP-PDIPAA multilayers.
To examine more carefully the effect of assembly pH on the temperature-dependent swelling of
PD-PP-PD/PAA films, we assembled multilayers at pH 5, 6 and 8 and compared them to the
films assembled at pH 4 and 7. Figure 2-5 shows the temperature-dependent swelling behavior of
PD-PP-PD/PAA multilayers assembled at different pH when submerged in pH 7 DI water.
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Figure 2-5. Temperature dependence of swelling of PD-PP-PD/PAA multilayers assembled
from salt free solutions at pH 4, 5, 6, 7, or 8 submerged in DI adjusted to pH7. Color coded dots
around swelling ratio - 1 are the dry film thicknesses after each of 3 repeated swelling cycles.
Swelling of PD-PP-PD/PAA multilayers assembled at pH 4 and 5 (dashed lines) reveal the lack
of temperature dependent swelling in multilayers assembled at these pH values.
A temperature dependent increase in swelling ratio at low temperature was not observed in
multilayers assembled at pH 4 or 5 where unimers were incorporated and PD end blocks are
highly charged during deposition. The amplitude of the temperature-triggered swelling transition
seen in micelle containing multilayers increased with increasing assembly pH (Fig. 2-5) for (PD-
PP-PD/PAA6.0), (PD-PP-PD/PAA7.0), and (PD-PP-PD/PAA8.0) multilayers. *
* The differences in swelling degree resulting from different assembly pH is likely related to
differences in ionic crosslinking density as the two are related by Eqn. (10) in Chapter 1, Section
1.2.1. Varying the assembly pH of weak polyelectrolytes (refer to Chapter 1, Section 1.3) can
give rise to films with different ionic crosslinking degrees in turn would swell to different extents.
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2.4.4c. Reversibility of temperature-triggered swelling.
In order to harness the temperature induced volume dilation, the temperature induced swelling
transition has to occur reversibly with high fidelity. Using in situ ellipsometry, the thickness of
(PD-PP-PD/PAA7.0) 40 films were monitored over repeated cycles of immersion in DI water
adjusted to pH 7, at 204C, then at 60C, and dried. Changes in the swelling ratio of a (PD-PP-
PD/PAA7.0) 40 film during such cycling are shown in Fig. 2-6.
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Figure 2-6. Plot of swelling ratio of (PD-PP-PD/PAA7.0)40 multilayer as a function of
immersion cycles in pH7 DI at 20'C, 60C and dried in between.
Film swelling/de-swelling occurred in a highly reproducible manner, with negligible film loss
over repeated wetting, temperature cycling and drying cycles. The thickness increases and
decreases obtained from in situ ellipsometry were accompanied by corresponding decreases and
increases in refractive index, indicating that negligible film loss occurred during these cycles.
2.4.4d Effect of post-assembly salt concentration and pH on the swelling of PD-PP-PDIPAA
multilayers.
As discussed in Chapter 1, the salt concentration can have profound effects on polyelectrolyte
multilayers immersed in aqueous solutions post-assembly. Since salt is known to destabilize
ionic bonding in polyelectrolyte multilayers by competitively binding to charged ionic groups
and the screening of charges, 33 7  multilayers were tested for stability in 0.15 M NaCl solutions.
0.15 M salt was chosen to replicate the ionic strength of physiologically relevant buffers. As
demonstrated in Figure 2-7, the swelling amplitude at 6 "C was higher in 0.15 M NaCl solutions
compared to that in salt-free solutions (compare Figs. 2-6 and 2-7).
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Figure 2-7. Reversible swelling of (PD-PP-PD/PAA7.0) 24 multilayers in 0.15 M
at pH 7 and temperatures, 6 "C (open squares) and 20 *C (filled squares).
NaCl solutions
This reflects the partial disruption of ionic cross-links within (PD-PP-PD/PAA7.0)2 4 multilayers
in salt solutions. Importantly, multilayers remained stable in 0.15 M NaCl solutions, exhibiting
reproducible and reversible temperature dependent swelling responses after some initial
densification during the first two cycles. This opens up the possibility of applying these
temperature responsive multilayers in biological systems .
2.4.4e Effect of post-assembly pH on film stability and swelling of PD-PP-PD/PAA
multilayers.
pH is another important factor that influences the stability of polyelectrolyte multilayers by
altering the ratio of positive to negative charges within the multilayer.3 3 We studied the effect of
immersion solution pH on the swelling of temperature responsive (PD-PP-PD/PAA7.0) 24 at both
20 C and 6 *C.
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Figure 2-8. Effect of pH on the swelling of (PD-PP-PD/PAA7.0)24 at 20 0C and 6 0C. At 20 "C
(pH < 3 or > 10), as well as at 6 *C (pH < 4.5 or > 8.5), the multilayer films become highly
swollen (by a factor of -7x or more). For the extreme pH values shown at 6 *C, poor refractive
index contrast between highly swollen films and the aqueous medium interfered with obtaining
reliable in situ ellipsometric thickness measurements. In addition, multilayers begin to lose
integrity at these extreme pH values.
§ The effect of different salt concentrations on swelling as well as the stability of films in PBS
solutions were subsequently explored (presented in more detail in Chapter 5, Section 5.4.4a).
Figure 2-8 shows that at 6 0C and 20 'C, (PD-PP-PD/PAA7.0) multilayers are stable and swell
reversibly in solutions of pH between 4 and 9. At 20 C, these films exhibit an approximately
constant swelling ratio of ~ 1.7 independent of the solution pH. In these conditions, dehydrated
hydrophobic PPO domains serve as physical cross-links that help hold the film together and
could play a role in opposing the increased swelling (observed at 6 0C where the hydrophobic
associations between PPO blocks are dissolved) induced by charge imbalances at pH values
below or above the deposition pH of 7. At 6 'C, PPO cores in the self-assembled PD-PP-PD
micelles dissolve, causing high, reversible, temperature-induced film swelling in a wide pH
range of 4.5 to 8.5. Minimum swelling was observed in DI water at pH 7, the multilayer
assembly pH, where the positive and negative charges within the film were balanced. As the
immersion solution pH deviated from the assembly pH, additional protonation of the
PDMAEMA and PAA (at lower pH), or de-protonation of PDMAEMA tertiary amino groups (at
higher pH) resulted in excess positive and negative charge in the film, respectively. The (PD-PP-
PD/PAA7.0) multilayers remained stable after 20 hours of immersion at 6 C in solutions at 3 <
pH < 9, and their swelling was reversible. At 6 C (pH 4 or pH 9), because of high (> 85%) water
content in the film, the refractive index contrast between the film and water became too low to
obtain reliable thickness measurements (as indicated by the arrows and large error bars for these
points in Fig. 2-8). In addition, the films were highly unstable at these points and film
disintegration occurred. The films were highly swollen and mechanically weak at extreme pH
values. Films were not stable below pH 3 or above pH 10, at both 6 C and room temperature of
24 'C, because the majority of ionic associations were disrupted. (Refer to Chapter 1, Sections
1.3 and 1.5 on pH dependence of weak polyelectrolyte multilayers)
2.5 Conclusions
Triblock copolymers, like PD-PP-PD, with charged end blocks and a functionality-carrying
central block are capable of incorporating novel functionality into electrostatically self
assembled LbL multilayers. We have shown that PD-PP-PD, a polycationic A-B-A triblock
copolymer, can be successfully assembled into multilayers that exhibit reversible temperature-
induced swelling and de-swelling behavior over a wide range of pH and salt concentrations. As
demonstrated here, an understanding of the morphology of the block copolymers being
assembled from solution, the charge density of the assembled polyelectrolytes, the LbL assembly
mechanism and the type of bonding involved in the self assembly process, allowed control over
the film composition and architecture which ultimately enabled control over the extent of fully
reversible temperature responses. By varying the deposition conditions, we exposed the
important factors that enable the stimuli responsive properties in the multilayer films.
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CHAPTER 3: SYNTHESIS OF PDMAEMA CONTAINING
BLOCK COPOLYMERS BY ATOM TRANSFER RADICAL
POLYMERIZATION
The synthesis presented in this chapter was done in collaboration with Zhichen Zhut,
Swapnali Chaudhari* and Svetlana A. Sukhishvili
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3.1 Abstract
While Chapter 1 described the LbL deposition conditions required to enable the creation of thin
film hydrogel coatings that swell with decreased temperature, this Chapter describes the
synthesis of block copolymers containing the same chemical blocks of PD-PP-PD (used in the
previous chapter) but of different block architecture. Block copolymers of poly(N,N dimethyl
amino ethyl methacrylate) (D) and poly(propylene oxide) (P): a P-D diblock and a long D-P-D
triblock copolymer, were synthesized in order to investigate the effect of block copolymer
architecture on the temperature induced swelling of multilayers assembled from these molecules
(to be discussed in Chapter 4). This Chapter provides some background and describes the
synthesis used in detail, to serve as a guide to future students/researchers interested in
synthesizing similar block copolymers.
3.2 Introduction and background
The synthesis of polymers with well defined composition and architecture is of great interest in
polymer chemistry for the development of new functional polymeric materials as well as to
provide fundamental insights into how molecular architecture affects final polymer material
properties. Traditional anionic and cationic living polymerizations involve active species that
tend to attack polar functional groups. This limited the types of polymers that could be
synthesized, imposed stringent requirements on the purity of solvents, and required rigorous
exclusion of oxygen and water from reactions. It was not until the late 1990s that direct synthesis
of polymethacrylate and subsequently 2-(diethylamino) ethyl methacrylate (DEAEMA), and 2-
(dimethylamino)ethyl methacrylate (DMAEMA) with terminal unsaturated groups was achieved
by oxyanion-initiated polymerization. Unfortunately, the oxyanionic polymerizations suffered
from poor initiator efficiencies and consequently poor molecular weight control. Free radical
processes are more tolerant to impurities and thus have been the leading industrial method of
polymer synthesis. Inevitable diffusion based bimolecular radical coupling and
disproportionation reactions, however, mean that control over molecular weight in these free
radical processes is limited. Controlled/living radical transfer (CRP) polymerization techniques
have been developed over the last 15 years. Through rapid establishment of dynamic equilibrium
between small numbers of growing free radical species and a large majority of dormant species,
these techniques allow for robust living polymerization via radical pathways'. Common CRP
methods used today include atom transfer radical polymerization (ATRP) where free radicals are
generated catalytically and alkyl halides are the dormant species; reversible addition
fragmentation chain transfer polymerization (RAFT) involving degenerative transfer thioesters;
nitroxide mediated polymerization (NMP) involving dormant alkocyamines; or stable free
radical polymerization (SFRP)2 . This chapter describes the use of ATRP as a means to create
well defined block copolymers using commercially available polypropylene oxide (PPO) as a
macroinitiator and DMAEMA as the monomer.
3.3 Materials
Poly(propylene glycol) methyl ether ( M, = 3800 g/mol, PI=1.12) (methoxy-P65-OH) and a,to - dihydroxy
terminated-poly(propylene oxide) ( M, = 7400 g/mol, PI = 1.07) (HO-P127- OH), poly(N,N-dimethyl
amino ethyl methacrylate)( M, = 1300 g/mol, PI = 1.4) from Polymer Source; poly(acrylic acid) (Mw >
200 000 g/mol; 25% aqueous solution) (PAA) from Polysciences; triethylamine (TEA), 2-
bromoisobutyryl bromide (BiBB), 2-(dimethylamino)ethyl methacrylate (98%) (DMA), Copper (I)
bromide (99.99%) (CuBr), 2,2'-Bipyridyl ( 99%)(Bpy), and all solvents (> 99.9%): benzene,
dichloromethane, methanol, hexane, and dimethylformamide purchased from Aldrich were used as
received unless otherwise mentioned.
Chemical structures of key molecules:
Abbreviated name Chemical Structure
DMAEMA O O
N
Br Br
BiBB
TEA
Bpy 
-N N
3.4 Synthesis Methods
3.4.1 Synthesis of macroinitiators.
In order to initiate ATRP, poly(propylene oxide) (PPO) macro-initiators were activated by
esterification of the hydroxyl end groups of precursor PPO molecules with 2- bromoisobutyryl
bromide (BiBB). The esterification reaction (reaction schemes are shown in Figure 3-1) is
sensitive to the presence of water. Since the propylene oxide monomer is hygroscopic, and BiBB
reacts with water, it is important to remove any trace amounts of water from PPO before end
functionalization. Azeotropic distillation with benzene* as a solvent was used to remove trace
amounts of water.
Br Br V
a) -. L 0  Br+ i+64>f + HB r
0
Br
Br Br(b) Br o + 2 > o + 2HBr
Figure 3-1. Chemical reaction schemes for end functionalization via esterification of hydroxyl
groups on mono-hydroxy methoxy-P65-OH (a) and di-hydroxy HO-P127- OH (b).
Commercially purchased (a) methoxy-P65-OH (1.2 g, 29.3 mM) or (b) HO-P 127- OH (2.5g, 27
mM) was dissolved in 100 ml of benzene in a round bottom flask (RBF). Water and benzene
were co-distilled and the vapor condensate was allowed to collect and separate in a Dean-Stark
trap as shown in Figure 3-2.
** Benzene is highly toxic, carcinogenic and readily penetrates nitrile gloves. Use of rubber or
latex gloves is preferable though not fool proof. While benzene was used here, azeotropic
distillation with toluene is also a viable option. As a side note, most organic solvents are volatile,
flammable and hazardous to health. They should be handled in the fume hood and with
appropriate gloves. As most organic solvents are able to penetrate commonly used nitrile or latex
lab gloves, gloves should be changed immediately should they come into contact with any
organics.
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Figure 3-2. Drawing illustration of set-up used for azeotropic distillation drying of PPO before
esterification.
Any water present in the distillate settles at the bottom of the trap while the organic solvent
(benzene) runs back into the reaction mixture, through the side arm, and removes more water.
The benzene-water minimum-boiling azeotropic mixture has a boiling temperature of - 69 C
and water:benzene ratio of 9:91. Azeotropic distillation proceeded with stirring at 700 rpm, in an
oil bath at 120 0C. 30 minutes after the Dean-Stark trap had filled with distillate, the bottom 5-10
ml containing water was run out of the trap. Distillation was then allowed to proceed for another
hour. Without dismantling the apparatus, the solution was removed from the oil bath, wiped and
cooled to 0 *C on ice. It is important that cooling is done with the condenser and its open end still
connected to the desiccant to prevent water condensation from the atmosphere back into the
mixture. After cooling for 5-10 min, still held on ice with stirring, 2.5 mol equivalents of TEA
(73.3 mM for (a) or 135 mM for (b)) was quickly added. Fresh TEA (stored under vacuum when
not in use) should be weighed out into a glass vial just before addition. To add TEA, - 5 ml of
the PPO benzene mixture was added to dilute the TEA in the glass vial after which the diluted
TEA was added to the reaction mixture. This process was repeated to rinse the glass vial. A
pressure equalizing funnel was then connected to the top of the RBF for addition of BiBB (73.3
mM for (a) or 135 mM for (b)). BiBB was weighed out in a glass vial and - 15 ml of dry
benzene from the Dean Stark trap (after removal of the bottom layer of water) was added to
dilute the BiBB and rinse the glass vial after transferring the BiBB into the addition funnel.
BiBB was allowed to drip into the RBF at a rate of - 1 drop per 2 seconds. The addition funnel
was removed after BiBB addition and the RBF was capped and sealed with parrafilm. The
temperature was allowed to rise to room temperature at which the reaction was left to proceed
overnight. At the end of the reaction, 1 - 2 drops of TEA was added and allowed to react with
any excess BiBB for 1 hr. The mixture was filtered to remove amine salts and the solvent was
removed by vacuum distillation. The product was then dissolved in - 50-60 ml of
dichloromethane (DCM) and extracted 3 times with about the same volume of 5 wt% sodium
bicarbonate aqueous solution using a separating funnel. DCM (p = 1.33g/cm3) is denser than
water and forms the bottom layer. The final DCM layer containing the brominated PPO was
collected, dried over MgSO4, and passed through a basic alumina columnt. The final methoxy-
P65-Br or difunctional Br-Pm-Br, macroinitiators were then obtained by removal of DCM by
distillation. H' NMR of the macroinitiators at 5 mg/ 0.1 ml of deuterated chloroform was done to
confirm stochiometric end functionalization of the PPO macroinitiators.
" Making a good alumina column takes some practice, to avoid trapped air pockets and
formation of cracks that will allow mixtures to flow through quickly without separation. A well
packed column should have a flow rate of less than -1-2 drops per second (not a stream) when
the burette valve is fully open. Dry Alumina powder is added to a column (stoppered at the base
with a cotton or glass wool) that is already wet by solvent. The burette is left open and solvent
flows out the bottom as alumina powder is added with constant swirling action. The solvent is
added between addition of the alumina to keep the alumina powder wet with the level of
solvent >1/2 cm above the alumina level at all times. With no prior experience, it would be
helpful to watch a chemist do it once.
3.4.2 Synthesis of diblock and triblock copolymers.
Both the long triblock copolymer (LTB) and diblock copolymer (DB) were synthesized by atom
transfer radical polymerization (ATRP).
3.4.2a A TRP background information.
Reaction mechanism. The general mechanism for ATRP is shown in Figure 3-3.
Kact
Pn -X + Mt" /Ligand K C P + X-M "+ /Ligand
Kdeact K
+ M termination
Figure 3-3. Schematic showing the general mechanism of atom transfer radical polymerization
(ATRP).
In this work, X is Br and the transition metal catalyst (Mt) used is Cu with 2,2'-Bipyridyl (Bpy)
as the ligand. While the choice of catalyst and ligand used here was based on the unpublished
experiences of my collaborators, a vast amount of published literature particularly by Krzysztof
Matyjaszewski and his group is available and one can refer to a comprehensive review for more
information on the polymerization technique and mechanism2. A good amount of detailed
information on initiator, ligand and solvent selection for several monomers can also be found on
the Matyjaszewski group webpage:
http://www.cmu.edu/maty/atrp-how/starting%20points.html#starting%20points
Alternative catalyst/ligand systems that would work well for controlled ATRP synthesis of
DMAEMA include the CuCl/Bpy and CuBr/HMTETA systems amongst several others3 . While
an in depth study of the polymerization kinetics was not done here, it is useful to note that in the
absence of side reactions other than termination by disproportionation and coupling, the rate of
polymerization is determined largely by the magnitude of Keq = Kact/Kdeact, as opposed to Kp. If
Keq is too small, polymerization might not proceed. On the other hand, if Keq is too large, a high
concentration of active radical species will result in poorly controlled polymerization with a
2significant amount of termination . Further, in the latter case, the overall speed of polymerization
might still be slow because the equilibrium position is such that there is a larger amount of
deactivating oxidation state catalyst that can result in an apparently slow overall polymerization
rate2 . Since each rate constant involved in ATRP: Kact, Kdeact, Kp and Kt, varies with the specific
monomer, solvent, catalyst and ligand system chosen, as well as, the reaction temperature, for
synthesis of a specific polymer or copolymer, these factors can be adjusted to allow for better
control over polymerization.
Here, the main goal of synthesis was to obtain relatively well defined block copolymers of PPO
and PDMAEMA in order to investigate the effect of block copolymer architecture on the
temperature swelling responses of LbL assembled thin films. While successful synthesis was
achieved here, there is room for additional optimization to achieve narrower polydispersities, for
qualitative end functionalization, or for subsequent growth of another block. To avoid loss of
chain end functionality, it is recommended that polymerization proceed only to about 75%
conversion and strictly not more than 95% conversion. Since DMAEMA (D) end blocks were
the only ones to be added, end group functionality was not a major issue here and the reactions
were allowed to proceed to completion. The degree of polymerization (DP) varies with the ratio
of initial monomer, [M]O, to initiator concentration, [initiator]0 , and monomer conversion, p, as
DP = [M]/[initiator]o x p. For p = 1 used in our polymerizations, the ratio of [M]/[initiator]o
added was approximately equal to the targeted DP. The molar ratios of macroinitiator, methoxy-
P65-Br:CuBr:Bpy:DMA was 1:1:2.5:60 for synthesis of the diblock copolymer (DB) and that of
Br-P 127-Br:CuBr:Bpy:DMA was 1:1:2:5:100 for synthesis of the long triblock copolymer (LTB).
It is important to ensure all glassware are thoroughly cleaned just before use. Items cleaned
include a 25 ml round bottom flask (RBF) and an appropriately sized magnetic stir bar to be used.
Cleaning is done by soaking in a base bath overnight (or scrubbing with soap and water)
followed by cleaning with cotton balls and tetrahydrofuran (THF), followed by rinsing with
ethanol (2x) and finally rinsing with acetone and drying in an oven. It is generally good practice
to have a clean dedicated hood containing the vacuum manifold. The joint on the Schlenk line to
which the mouth of the RBF will be connected should be carefully cleaned with THF and
acetone. The surface of the hood to be used was also wiped down well with THF before carrying
out the polymerization procedures.
3.4.2b Atom transfer radical polymerization of DMAEMA.
Polymerization was carried out as follows: ~1 g of macroinitiator was added to the bottom of the
clean RBF containing the stir bar, followed by the DMA monomer (distilled under reduced
pressure before use) and dissolved in 6-8 ml of methanol. The reaction mixture was then
deoxygenated by 3 freeze-pump-thaw cycles (see below). For deoxygenation, the RBF was
connected to a Schlenk line with one manifold connected to an Ar source and the other to high
vacuum. A double-oblique stopcock was used to switch between vacuum and Ar atmosphere.
A typical freeze-pump-thaw cycle was carried out as follows:
1) Open flask to vacuum. Allow bubbling to occur for 1 - 2 min until bubbling dies down.
(Note: low boiling point solvents will keep bubbling due to boiling under reduced pressure!)
2) Close from vacuum, fill a styrofoam cup with liq N2 and immerse the RBF in it to freeze the
mixture. (Freezing lowers solubility of air in the reaction mixture and forces air out.)
3) Remove the liq N2 and open the flask to Ar and wait until mixture melts (this can be sped up
using a container of RT water). Allow Ar to dissolve into the liquid. (After each thawing,
wipe the exterior of the vessel dry to avoid forming an ice layer during the next freezing.)
4) Close the RBF from Ar, freeze as in Step 2 and, open to vacuum for 30 sec then open to
Argon to melt.
5) Repeat freeze-pump-thaw cycle 3 - 4 times.
On the side, a complexed Cu catalyst is prepared as follows:
1) Weigh out the required amount of Cu(I)Br onto a folded piece of Al foil.
2) Add Bpy in a molar ratio of 2 - 2.5 x.
3) Fold over Al foil and crush them together with the spatula. Open mix and press to crush
together. Repeat this to mix well and obtain a final uniformly grey complex.
4) Pour the mixture into a new folded Al foil trough and balance the complexed mixture on a
bent spatula as shown in Figure 3-4.
Figure 3-4. Illustration of how CuBr/Bpy complex was added to the deoxygenated reaction
mixture. (a) shows the spatula bent into an "L" shape carrying a heap of the catalyst complex just
before addition and (b) shows the spatula gently lowered to just above the liquid surface where
the spatula is tilted and lightly tapped such that the catalyst powder is added with little
disturbance to the Ar atmosphere in the RBF.
After the last freeze-pump-thaw cycle, backfill the RBF with Ar and open the vessel to air.
Denser Ar stays inside the flask but move swiftly and carefully to minimize introduction of
oxygen from the ambient air. Add the complexed initiator directly above the surface of the liquid
(as illustrated in Figure 3-4) and immediately connect the flask back to Schlenk line and vacuum
evacuate for 1 - 2 minutes with stirring. The mixture should turn into the color of rust. Open the
vessel to Ar and repeat the vacuum cycle and then open the vessel to the Ar again. Increase the
Ar flow briefly before closing off the reaction flask to maintain a higher than atmospheric
pressure of Ar in the RBF. Maintain a high vacuum in the manifold and seal off the ends before
switching off the vacuum pump. Control the Ar flow through the other manifold (at a flow rate
of 1 bubble per 2 seconds) to maintain the Ar pressure in the manifold throughout the
polymerization. It is important that the reaction mixture stays brown. If it turns blue-green, a leak
has occurred resulting in the oxidation of the Cu catalyst and the reaction is dead ** .
Polymerization was allowed to proceed at room temperature in the dark for 6 - 12 hrs after
which the reaction was stopped by exposure to air and addition of methanol. The products were
**Several block polymers with shorter PDMAEMA end blocks were obtained as a result of
reactions that prematurely terminated in this manner. Selected polymers proved useful in the
further exploration of BCP architectural effects on multilayer stability as discussed in Chapter 5,
Section 5.4.4c.
purified by passage through a basic alumina column to remove the catalyst, and the solvent was
removed by vacuum assisted distillation. To purify, the dry product was dissolved in a small
amount of THF and precipitated into a large excess of cold hexane (-30 'C).
3.4.3 Block copolymer characterization.
The purified polymer products were dissolved in CDCl3 for 'H NMR characterization using a
Bruker 400 MHz spectrometer. Figure 3-5 shows the 1H NMR spectra of the synthesized block
copolymers LTB and DB along with the spectrum of a commercial D-P-D short triblock
copolymer (STB) that will be used for comparisons subsequently in Chapter 4.
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Figure 3-5. 'H NMR spectra of the commercial short D-P-D triblock copolymer (STB) and
synthesized block copolymers: long D-P-D triblock copolymer (LTB) and P-D diblock
copolymer (DB) in CDCl 3.
From integration of the non-overlapping peaks from the 2 (-CH2-N) protons of the D block at 6
= 4.06 (denoted c in Fig. 3-5) and integration of the peaks at 6 = 3.54 and 3.40 corresponding to
3 protons ( -O-C 2-CL-) (f and h) along the polymer backbone of P, the compositions of the
BCPs were determined as listed in Chapter 4, Table 4-1. The polymers were also dissolved in
DMF (at 4 mg/ml) for molecular weight and polydispersity determination by gel permeation
chromatography (GPC) using PMMA calibration standards. DMF GPC measurements were
obtained using Water Breeze 1525 HPLC system equipped with two Polypore columns operated at
75 *C, series 2414 refractive index detector, series 1525 binary HPLC pump, and a 717plus
autosampler. Waters'Breeze Chromatography Software Version 3.30 was used for data collection as
well as data processing. The GPC traces obtained for the macroinitiators and synthesized block
copolymers are shown in Figure 3-6.
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Figure 3-6. Gel Permeation Chromatography (GPC) curves of macroinitiators and synthesized block
copolymers (a) LTB, (b) DB in dimethylformamide and (c) GPC curves of commercially obtained STB
and its macroinitiator obtained from Polymer Source Inces.
§ While DMF GPC run as described above allowed for dissolution of the synthesized polymers
and was able to distinguish mixtures of unreacted PPO homopolymer from the synthesized block
copolymers, somehow attempts to obtain decent GPC curves from the commercial STB under
these conditions failed; no trace was obtained despite trials using STB in DMF at various
concentrations. The GPC curve shown was obtained from the information sheet that came with
the polymer purchased from Polymer Source. It is likely that the GPC curve provided by
Polymer Source Inc. was obtained using THF as solvent and different GPC running conditions.
The synthesis route for STB might also be different from that described in this Chapter.
3.5 Conclusions
In this chapter, we discussed in detail the synthesis steps used for the creation of PPO and
PDMAEMA block copolymers and show that ATRP is a facile means of creating block
copolymers of well defined architecture. To achieve a narrower molecular weight distribution,
use of a different solvent (anisole or IPA) and CuBr/HMTETA catalyst system might be
recommended3.
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4.1 Abstract
This chapter explores the effect of block copolymer (BCP) molecular weight and connectivity,
on the morphology and time-temperature dependent swelling of thin film hydrogels created
through Layer-by-Layer (LbL) assembly of BCP micelles with poly(acrylic acid). BCPs of
poly(N,N dimethyl amino ethyl methacrylate) (D) and poly(propylene oxide) (P), a P-D diblock,
a long D-P-D triblock and a short D-P-D triblock copolymer, were compared in terms of their
temperature response in solution and within micelle-polyelectrolyte multilayers (mPEMs). The
critical micellization concentration and micellization temperature of the BCPs in solution, as
well as the swelling transition temperature, Tstt, of the mPEMs, decreased with increasing P
block length. AFM imaging of dry mPEMs show regular dimpled surface structures that arise
from surface relaxation of micelles. When the mPEMs are cooled below Tstt in water, the -200
nm thick films can swell reversibly between 3 to 6 times their dry thicknesses within 2 min. The
degree of swelling (t = wet thickness/dry thickness) increases with undercooling (AT =Tstt- T)
and shows time dependencies related to AT and the constituent BCP connectivity. While the
diblock films swell uncontrollably and lose integrity within 30 minutes at AT ;> 6 C, the triblock
copolymer multilayers are able to sustain steady r values (in the range of 4 to 10) under
equivalent conditions. The differences in dynamic swelling behavior originating from BCP
architecture have important implications in their utility as temperature responsive surfaces.
4.2 Introduction
Stimuli triggered changes in the degree of swelling of thin hydrogel coatings allow active control
of surface properties that include mechanical compliance' , solute permeability3 , and chemical
affinity4'5. Consequently, such coatings are sought after for applications in therapeutic delivery6',
mechanical actuation8, molecular separations4 and sensing9 . Controlling the mechanical
properties of surfaces is also critically importance at synthetic - biological interfaces because cell
responseso ' and bacterial attachment2 can be modulated by substrate compliance. Layer-by-
Layer (LbL) assembly is a facile conformal coating technique well suited for the creation of
responsive thin film hydrogels. pH responsive LbL assemblies that exhibit large changes in
swelling with pH variation have been created in the form of flat films 13,14 , capsules 5 ,16 and
17 18
within membrane pores , with successful applications in controlled drug release as well as
membrane gating". In contrast, there have been few reports of LbL assemblies able to exhibit
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large swelling transitions in response to temperature. Over the past few years, several efforts
have been made to create temperature responsive multilayer thin films through the incorporation
of temperature responsive polymers utilizing either hydrogen bonding' 9 or electrostatic 20 LbL
assembly, as described in Chapter 2. There have been demonstrations of temperature responsive
LbL systems able to reversibly load and release small molecules21-23 or therapeutics24 , as well as
25,26examples of systems that allow for temperature-triggered dissolution 2,. Attempts to create
PEMs with large reversible swelling responses to temperature, however, have shown that
polymers or copolymers that exhibit reversible temperature responses in solution, when
incorporated into PEM films or capsules showed limited temperature driven swelling changes
that were irreversible20 27 28 . While Jaber and Schlenoff have reported reversible temperature
dependent hydration of multilayers at the molecular level29, and swelling ratios reversible
between 1.1 (at 45 0C) and 1.65 (at 20 or 25 0C) were reported in studies by Z. Zhu et al.22 and L.
Xu et al.23 , these swelling degrees are small compared to typical hydrogels or the degree of
swelling achievable in pH responsive LbL assemblies. In Chapter 2, we showed that LbL
assembly of micelle forming block copolymers is a facile means to create temperature responsive
thin films that exhibit reversible swelling transitions of large scale, involving hydrated states
with more than 400 vol% of water. There we found that the assembly pH and the anionic binding
partner used for LbL assembly of the micelle forming, temperature responsive, A-B-A triblock
copolymer were critical factors that determined whether or not large temperature driven swelling
could be observed30
Micelle polyelectrolyte multilayers (mPEMs) were first reported in 2006 by groups interested in
micelles as nano-particulate structures for porosity introduction in optical applications3 1,3. It was
also recognized that the core-shell structure of micelles formed by block copolymers
(hydrophobic core surrounded by a hydrophilic corona) allowed creation of local hydrophobic
environments within multilayers created from all aqueous solutions 33,34. This proved useful for
loading of hydrophobic functional compounds18' 33 -38. In fact, owing to advances in BCP
synthesis as discussed in Chapter 3, the chemical functionality carried within the micelle core
forming block can be selected relatively independently of the hydrophilic corona forming block.
As such, BCP micelles present opportunities for creating thin films of novel functionality, not
limited by chemistries required for water solubility or the complementary bonding requirement
for LbL film assembly. In our work, we use this capability to create electrostatically assembled
mPEMs that are responsive to temperature.
In this Chapter, we investigate the impact of BCP molecular weight and connectivity on the
temperature-driven swelling behavior of LbL assembled thin film hydrogels. Three block
copolymers of poly(N,N dimethyl amino ethyl methacrylate) (D) and poly(propylene oxide) (P):
two D-P-D triblock copolymers, one having double the molecular weight of the other, and a D-P
diblock copolymer, synthesized as described in Chapter 2, were assembled as micelles into thin
150 - 250 nm thick films by LbL assembly with poly(acrylic acid) (PAA). The BCP
architectures strongly influenced the temperature-driven swelling of the mPEM thin films, with
multilayers containing the triblock copolymers exhibiting better overall reversibility and stability
than multilayers containing diblock copolymers.
4.3 Materials and methods
Materials. Poly(N,N-dimethyl amino ethyl methacrylate-b-propylene oxide-b-N,N-dimethyl
amino ethyl methacrylate) (Mn: 1600-b-3000-b-1600, PI=1.5) (STB), from Polymer Source;
poly(acrylic acid) (Mw > 200 000 g/mol; 25% aqueous solution) (PAA) from Polysciences; 1,2-
bis-(2-iodoethoxy)ethane (BIEE), and 1,6-diphenyl-1,3,5-hexatriene (DPH) and solvents (>
99.9%): dichloromethane, and dimethylformamide purchased from Aldrich were used as
received unless otherwise mentioned.
BCP solution preparation and characterization. To ensure solution equilibration, especially
for the longest polymer LTB, all BCPs were dissolved at 1 - 2 mg/ml concentration in deionized,
ultrapure Millipore water with resistivity 18 MQ cm-3 (abbreviated as "DI" henceforth), acidified
with 0.1 M HCl (0.5 mol equivalent of the number of amine groups), by overnight refrigeration
at 4 C. The BCP solutions were then diluted to the desired concentration in room temperature
DI water and adjusted to the desired pH by addition of 0.1 M NaOH or 0.1 M HCl. This solution
was then refrigerated again for 5 hours to allow for re-dissolution of polymers at the desired
concentration and pH. After the solution was retrieved from the refrigerator and allowed (3-5 hr)
to equilibrate at room temperature, the pH was checked again and minor pH adjustments (if any)
were made just prior to use of the solutions for micro differential scanning calorimetry (mDSC),
Cryogenic scanning electron microscopy, shell crosslinking, dye solubilization or LbL assembly.
mDSC was done as described previously3 o to obtain the micellization temperature of 1 mg/mi
BCP solutions at pH 8 and DPH dye solubilization, also described previously30 , was carried out
at room temperature on BCP solutions of concentrations between 0.0005 to 0.1 mg/ml for
determination of BCP critical micelle concentration at pH 7. (Ref. to Methods Section, Chapter 2)
Cryogenic scanning electron microscopy (Cryo-SEM).! A FEI Helios 600 scanning electron
microscope equipped with a Quorum Technologies PP2000 Cryo-SEM preparation system was
used to obtain micelle images in the frozen state. BCP solutions of 0.1 mg/ml, pH 7, were
injected into rivets, glued end to end and inserted standing into holes in an aluminum holder such
that the bottom rivet is held fixed while the top rivet stuck out above the holder. The solutions,
mounted on a transfer device, were flash frozen in freshly melted liquid nitrogen slush (-210 "C)
and transferred immediately under vacuum into a preparation vacuum chamber held at -130 0 C.
The top rivets were then knocked off to expose freshly fractured surfaces within the interior
region of the BCP solutions. Sublimation to expose BCP features was allowed to occur at -90 0C
for 5 min, after which the temperature was reduced back to -130 C and in-situ sputtering of 1-2
nm of Au/Pd was carried out before SEM imaging of the surfaces at 5 kV and -190 C.
Selective crosslinking of BCP micelles. Crosslinking of DMA in the BCP micelle coronas was
achieved at 25 0C and pH 7 by quaternization using BIEE, as described by Jiang et al.39 . Briefly,
BIEE (0.5 mol per mol of DMA residues) was added to 0.1 mg/ml BCP solutions adjusted to pH
7 and the reaction was allowed to proceed for 3 days.
LbL assembly. BCP solutions at 0.1 mg/ml, pH 7, freshly constituted as described above were
used for LbL assembly on silicon substrates prepared as detailed in Chapter 2. 150 -250 nm thick
films were assembled for temperature dependent swelling studies. The films in this chapter are
simply denoted by their components as (polycation/polyanion)x because the same deposition pH
of 7 was used to create all the multilayers studied here. The polycation is poly(N,N-dimethyl
amino ethyl methacrylate) (D) or positively-charged BCP micelles of STB, LTB or DB and the
polyanion is PAA. The subscript x denotes the number of polycation - polyanion deposition
cycles. 150 nm to 250 nm thick films studied in this chapter correspond to (STB/PAA) 30,
(LTB/PAA) 35, (DB/PAA) 35 and (D/PAA)40. The subscripts are dropped for simplicity in the
* I would like to thank Dr. Shiahn Chen from the Center of Materials Science Engineering for his
invaluable assistance with Cryo-SEM imaging.
results section. All multilayers were deposited on 1 mm thick silicon wafers with both polymer
solutions and rinse solutions adjusted to pH 7 with IM HCl and 1M NaOH.
Spectroscopic ellipsometry. The dry film thicknesses and swelling behavior of the films in pH 7
DI was determined using a Woollam VASE spectroscopic ellipsometer, as described in Chapter
2. In order to hold the films at low temperature in pH 7 DI for time-dependent swelling studies,
the fluid cell used for in-situ ellipsometry was housed in a custom made hollow stainless steel
block through which cold water was circulated using a Julabo refrigerated circulator with PID1
temperature control, able to provide temperature stability of 0.03 "C, as illustrated in Fig. 4-Ml
and Fig. 4-M2.
Figure 4-Mi. Illustration of sample mounted in wet ellipsometric cell filled with pH adjusted DI
water and showing the path of the light beam in the spectroscopic ellipsometry measurement, as
used in Chapter 2.
Figure 4-M2. Illustration of wet ellipsometric cell mounted within a custom made stainless steel
heat sink through which cold water is circulated and used to maintain constant low temperatures
for studying time dependent thickness evolution in this chapter.
Atomic force microscopy (AFM). All AFM images were obtained using a Digital Instruments
Nanoscope IV, Dimension 3000 microscope operated in tapping mode. FM-20 AFM probes from
NanoWorld, with force constant, 2.8 N/m, resonant frequency, 75 kHz and tip radius less than 8
nm were used for imaging.
4.4 Results and Discussion
4.4.1 BCP composition and polydispersity.
As described in the Chapter 3, ATRP was used to synthesize a P-D diblock copolymer (DB) and
a D-P-D long triblock copolymer (LTB) for comparison to a commercially available D-P-D short
triblock copolymer (STB) with compositions listed in Table 4-1.
Table 4-1. Composition and polydispersity of block copolymers.
BlockPolymer D:Pa NPbr* ND' arc M/M
architecture
STB 0.41 52 22 D,,-P 52-D,, 1.5*
LTB 0.41 127 54 D27-P127-D27 1.38 d
DB 0.88 65 57 D57-P65  1.66d
a Ratio of D to P units determined by 'H NMR spectroscopy in CDCl3 as described in Chapter 3.
b Degree of polymerization of P obtained from Polymer Source Inc.. 'Degree of polymerization
of D calculated from D:P. dPolydispersity of synthesized BCPs determined by GPC in DMF
using poly(methyl methacrylate) calibration standards. *Information provided by Polymer
Source Inc. from which macroinitiators and STB were purchased.
4.4.2. BCP solution self assembly.
Dynamic light scattering (DLS) typically used to determine BCP micelle size in solution gave
unreasonably large hydrodynamic radii of 100 - 200 nm for the LTB and DB solutions at 0.1
mg/ml concentration in DI water adjusted to pH 7, conditions used for LbL assembly (refer to
Appendix A, Figure A-5). While such values of hydrodynamic radii have been reported for BCP
polyelectrolyte micelles of similar molecular weight and corona chemistry40-42 , it is useful to note
that such dimensions, several times the contour length of the BCPs cannot correspond to the size
of individual spherical micelles. The DLS results either indicate the formation of larger
aggregates (compound micelles or vesicles) or result from non-negligible inter-micellar
correlations known to exist for charged polyelectrolyte micelles4 3'44. To determine the aggregate
morphology of the BCPs present in the solutions used for LbL deposition, we used Cryogenic
Scanning Electron Microscopy (Cryo-SEM). Solutions of each BCP were prepared at 0.1 mg/mi
in DI water and adjusted to pH 7, identical to conditions used for LbL assembly. The solutions
were vitrified in liquid nitrogen slush to avoid ice crystal formation and fractured at - 130 0C to
expose the internal structure of the frozen solution. To enhance the topography, these exposed
surfaces were held at low pressure (10-4 Pa) and - 90 0C to remove water by sublimation, leaving
behind the BCP structures. Figure 4-1 shows that all three BCPs exist as relatively monodisperse
spherical micelles in solution under the LbL assembly conditions. Analysis of several Cryo-SEM
images allowed us to determine the average micelle diameters and histograms of the micelle size
distribution are shown to the right of the representative SEM images in Fig 4-1. The average
micelle diameters of the BCPs along with the standard deviation of the measurements are listed
in Table 4-2. The sizes reported here are likely to be smaller than the hydrated micelle size due
to removal of water by sublimation. Nonetheless, it is interesting to note that the differences in
molecular weight and block architecture between the BCPs did not have a significant effect on
the observed micelle sizes. This is possible because while the micelle core radius and
aggregation number tend to increase with (the core forming) P block length45 46 , increasing the
corona D block length is expected to cause an opposite trend and decrease the aggregation
number*547 . It is useful to note that in Cryo-SEM, optimizing the sublimation step (through time
and temperature control) is important. While sufficient sublimation is needed to allow exposure
of micelles at the surface, too much sublimation exposes several layers of micelles. In the latter
case, large aggregates are seen, which upon close inspection, can be discerned to be clusters of
smaller spherical micelles piled up on one another (shown in Appendix A, Figure A-6). Solutions
of higher BCP concentrations 1 up to 5 mg/mI were prepared and imaged under the same
conditions. Large hollow tubes, discs, reticulated networks and sheet-type BCP structures were
readily observed at the higher concentrations (as shown in Appendix A, Figures A-7 to A-11 ),
providing reassurance that the simple spherical micelle was the dominant BCP structure in the
0.1 mg/mi solutions used for LbL assembly.
120
100
00 152E5303 04
- 60-e
. 4 .
20
10 15 20 25 30 35 4045
Diameter (nm)
b 1bU60
140
120
100
. 80
so
L-40
20,
10 15 20 25 30 35 40 45
--- Diameter (nm)
Figure 4-1. Cryo-SEM images of freezefrcue surfaces of flash frozen BCP solutions, taken
after sublimation to expose micelles. STB (a), LTB (b), and DB (c) solutions were of 0.1 mg/mi
concentration in DI water, adjusted to pH 7. The white scale bars at the bottom right of each
image represents 150 nm. Size distributions of micelles obtained by measurements from at least
4 images are shown on the right hand side of each representative image.
The solution micellization temperatures (MTs) of 1 mg/mi BCP solutions were determined using
micro differential scanning calorimetry (mDSC) as detailed in Chapter 2. Since MT is sensitive
to the solution pH30, the micellization temperature was determined at pH 8 to avoid possible
suppression of micellization by highly charged D bok30,46,so52 as seen in Chapter 2. The MTs
thus determined are listed in Table 4-2 and are in good agreement with the temperature at which
aggregation was detected by DLS (Fig. A-5). The critical micellization concentration (CMC) of
the BCPs at room temperature (22 0C) was determined using a well established DPH dye
solubilization techniques 3 . Here, BCP solutions of concentrations 0.0005, 0.001, 0.01, 0.02, 0.04,
0.06, 0.08 and 0.1 mg/ml were made, adjusted to pH 7, re-dissolved at low temperature and
allowed to equilibrate at room temperature for 5 hours after which DPH was added and allowed
to equilibrate in the BCP solution for another 5 hours. The fluorescence spectra of these solutions
were then obtained and the fluorescence intensity at 457 nm plotted as a function of BCP
concentration (Appendix A, Figure A- 12). The CMC values listed in Table 4-2 were determined
as the point at which a steep increase in fluorescence intensity with increasing polymer
concentration was observed.
Table 4-2. BCP solution micellization characteristics.
Polymer . MTb (oC) CMCC (mg/ml)Diametera (nm)
STB 26 ±5 16 0.05
LTB 21 ±3 10 0.02
DB 28 ±3 15 0.04
a Average BCP micelle size and standard deviation of measurements obtained from Cryo-SEM images of
0.1 mg/ml BCP solutions at pH 7, 22 C. b Micellization temperature (MT) of 1 mg/ml BCP solutions
adjusted to pH 8, determined using micro differential scanning calorimetry. C Critical micelle
concentration (CMC) at 22 'C, pH 7, determined by DPH dye solubilization.
As seen in Table 4-2, both the micellization temperature and critical micelle concentration of the
BCPs decreased with the molecular weight of the poly(propylene oxide) (P) block. The decrease
in micellization temperature at fixed concentration logically follows from the expected decrease
in lower critical solution temperature (LCST) with molecular weight. The CMC at 22 C also
decreases in the order of P block length. While longer poly(N,N dimethyl amino ethyl
methacrylate) (D) end blocks could be expected to contribute to an opposite trend, where longer
D blocks would tend to lower the CMC and CMT, the effects of the P block length dominate in
this case. Similar decreases in CMC and CMT with P block molecular weight have been reported
for Pluronics; di- and tri-block copolymers of poly(propylene oxide) and poly(ethylene oxide)
blocks instead of D blocks5 3.
As discussed in Chapter 2, the assembly pH and anionic binding partner used for LbL assembly
of temperature responsive D-P-D triblock copolymers are key factors that determine whether the
final films are able to respond to changes in temperature with large changes in swelling degree.
100
While using a strong polyacid (poly(4-styrene sulfonate)) as the anionic binding partner
prohibited large swelling transitions, using a weak polyacid, poly(acrylic acid) (PAA), allows for
large reversible swelling transitions when deposited at pH 7 but not at pH 4. Based on those
findings, in this chapter, we assemble thin films from micelle containing BCP solutions of STB,
LTB, or DB with PAA at pH 7, to expose the effects of block copolymer architecture on the
temperature triggered swelling responses of mPEMs. It is important to note that the PD-PP-PD
triblock copolymer used for studies in Chapter 2, though of the same average composition as
STB used in this work, differs in terms of polydispersity. In the previous study, the PD-PP-PD
block copolymer had end blocks of broad polydispersity, while here, STB has a polydispersity of
1.5 for meaningful comparison with the other two block copolymer architectures. Since all
multilayers were assembled at pH 7, the nomenclature for the mPEMs in the following
discussions is simplified just to contain the component polymer pairs. The temperature
dependent swelling responses of (STB/PAA), (LTB/PAA), and (DB/PAA) mPEMs of
comparable thicknesses between 150 and 250 nm were investigated.
4.4.3 Surface morphology of BCP micelle LbL assemblies.
As seen from AFM images of dried micelle polyelectrolyte multilayers (mPEMs) in Figure 4-2,
the multilayers made with the shorter BCPs (STB and DB) are significantly rougher than the
mPEM made from the higher molecular weight LTB. The RMS roughness values obtained from
the images of the (STB/PAA), (DB/PAA), (LTB/PAA) and (D/PAA) multilayers are 10 nm, 4
nm, 1 nm, and 2 nm respectively. Unlike spherical structures expected for BCP micelle
containing multilayers, as previously reported by several groups,22 23 31 34 we observed surface
depressions (described as 'dimples' henceforth), that are especially well ordered in the case of
(LTB/PAA).
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Figure 4-2. 1 Rm x 1 gm atomic force microscope (AFM) images of BCP or homopolymer, poly
(N,N dimethyl amino ethyl methacrylate) (D), multilayers assembled with PAA. The left column
consists of height images while the right column consists of phase images. Rows a, b, c and d
correspond to multilayers of (STB/PAA) 30, (DB/PAA) 35, (LTB/PAA) 35 and control (D/PAA)40
respectively. White scale bars on images represent 100 nm, while height and phase scales are
shown on the right.
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The dimpled surface morphologies seen in the mPEMs are absent in the control assembly of D
homopolymer with PAA assembled at the same pH of 7. Dimples seen in all mPEMs have
regular lateral dimensions on the order of 10 - 30 nm and most have depths of less than 2 nm,
with the exception of the more prominent dimples seen in (LTB/PAA) that have depths up to 6
nm. Since these types of surface morphologies had not been reported for BCP micelle
multilayers before, we seek to clarify the origins of these surface structures, which, at a glance,
resemble cavitated micelles54 or toroidsss type morphologies. To investigate this, we carried out
solution crosslinking of micelles to determine what surface adsorbed BCPs would look like if
surface rearrangement and micelle dissolution could be prevented through crosslinking. 1,2-bis-
(2-iodoethoxy)ethane (BIEE), was used to crosslink D blocks in the micelle corona through
quaternization of the tertiary amine groups. This crosslinking technique has frequently been
applied to stabilize D block containing BCP micelles and several publications, particularly by the
40,57,58Armes group, describe this chemistry in detail . In this work, we used the protocol of Jiang
et al.39 at room temperature to selectively crosslink the coronas of our BCPs at 0.1 mg/ml, pH 7.
Crosslinking was allowed to proceed for 3 days after which the crosslinked BCP micelles were
dip coated onto silicon wafers, allowed to dry and imaged with AFM in the dry state. By
crosslinking the D end blocks in the corona of the micelles in solution, the spherical shape of
micelles were better preserved and circular discs can be observed on the dip coated silicon wafer,
as seen in Fig. 4a. Despite corona crosslinking, spreading and flattening of the crosslinked
micelles on the silicon surface was observable, with the circular disc-like structures having
diameters of 40 - 60 nm, several times greater than their corresponding heights of 3 - 6 nm (Fig.
4a, b and c). This indicated significant chain mobility, even within corona crosslinked micelles,
that allowed for changes in micelle shape upon surface attachment. Several structures that
resemble the dimpled surface structures on mPEMs were also observed, as pointed out by the
arrow in Figure 4b. As shown in the line section height profile (inset of Fig. 4b), these features,
unlike toroids, are not hollow in the central region, but rather, are discs with raised edges. While
these structures could result from micelle cores that are not fully dehydrated, this is unlikely the
case with several reports suggesting that micelle cores formed by P blocks are anhydrous and
59-61dense -6. Without core plasticization by water molecules, significant surface rearrangement is
still possible due to the low glass transition temperature (Tg ~- 75 C 62,63) of the poly(propylene
oxide) core. The depth profiles of dimple type structures observed in multiple images of corona
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crosslinked micelles, like that in the inset of Fig. 4b, show that the central depression is typically
1 - 2 nm deep. This depth agrees well with the depths of dimples observed on the surface of the
dry multilayers, showing that these structures in mPEMs originate directly from the BCP
micellar self assembly in solution and not as a consequece of the LbL process with PAA. The
well ordered surface patterns that can be achieved using LbL assembly of LTB micelles offers
patterned surface heterogeneity on a 15 - 30 nm length scale. Ordering is less pronounced in the
AFM images of the shorter (STB/PAA) and (DB/PAA) multilayers and could be related to AFM
imaging resolution limitations.
a b c
Figure 4-3. AFM images of BIEE shell cross-linked BCPs: STB (a), LTB (b) and DB (c), dip
coated onto the surface of silicon wafers. The inset in (b) shows the height profile along the
dotted line. All images have the same lateral and height scales. The height scale is shown as an
inset in (c) and scale bars on the bottom right corners represent 100 nm.
4.4.4 Thin film mPEM temperature swelling responses in aqueous media.
We next examined the temperature responsive swelling properties of the mPEM thin films in
water. The three BCPs studied contain the same temperature responsive block, P, while differing
in overall molecular weight and connectivity. At the supramolecular level (depicted in the
leftmost column of Figure 4-4), the domain sizes and size distribution of the temperature
responsive P micelle cores within all three BCP containing multilayers are expected to look
relatively similar based on the solution, surface adsorption and dry state AFM studies described
above. We expect the cross-section of the multilayer films to be comprised of P block domains
of micelle cores (pink dots) surrounded (in blue) by micelle coronas of D blocks that are
associated with PAA through ionic interactions between the protonated tertiary amine groups on
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the D block and ionized carboxylic acid groups on PAA. In DI water at room temperature, the P
blocks are poorly hydrated and preferentially self-aggregate in the micellar cores59 -61. When the
temperature is decreased to 6 C, hydrogen bonding enhances water's interaction with the P
blocks, causing the P block domains to swell. It is at these lower temperatures that differences in
molecular connectivity between the triblock and diblock copolymers can become important, as
shown schematically in the bottom row of Figure 4-4.
Figure 4-4. Drawings depicting the molecular configurations of BCPs within the mPEMs
studied. The blue region surrounding the micelle cores are composed of D corona blocks
ionically crosslinked to PAA chains (PAA not drawn for simplicity). The top row represents the
multilayers in pH 7 DI water at 20 C where the P domains are poorly hydrated while the bottom
row represents the multilayers at 6 C where micelle cores of all BCPs become highly swollen
with water.
As seen in Chapter 2, D-P-D triblock copolymers assembled with PAA at pH 7 exhibit
temperature-driven, reversible, swelling transitions30 . In Chapter 2, only the instantaneous
swelling response was accessible by in situ ellipsometric determination of wet film thickness
upon addition of pre cooled aqueous solutions. With an improved set-up (details in Section 4.3),
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in this chapter, we are able to investigate film swelling as a function of time while the mPEMs
are immersed in pH 7 adjusted DI water at a controlled low temperature. As seen in Figure 4-5,
the degree of swelling, t = wet film thickness/ dry film thickness, shows both time and
temperature dependences. Notably, the isochronous degree of swelling increases with decreasing
temperature and the time dependence of swelling becomes more significant at lower
temperatures.
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Figure 4-5. Graphs showing the time-dependent evolution of the swelling degree (T = wet film
thickness/ dry film thickness) of mPEMs, (a) (STB/PAA), (b) (DB/PAA) and (c) (LTB/PAA)
held at various temperatures. All films studied were of similar thicknesses between 150 and 250
nm. The swelling degrees at 2 minutes of low temperature exposure are circled as they
correspond to points subsequently discussed in Figure 4-7.
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Figure 4-6. Isochronous swelling degree, t = wet thickness/ dry thickness, of mPEM films held
at various temperatures for 10 min (hollow symbols with dotted lines) or 20 min (solid symbols
and lines). Legend indicates the BCP component of the mPEMs for convenient identification of
curves.
As seen in Fig. 4-5, increased swelling with low temperature exposure, if any, is measurable
within 2 min. To determine the mPEM film swelling transition temperature (Tstt), below which
increased film swelling occurs, isochronous values of r at 10 min and 20 min are plotted as a
function of temperature in Figure 4-6. The curves show distinct swelling transitions near 13.5 0C,
12 0C and 8.5 0C for the STB, DB and LTB containing mPEMs respectively. At small degrees of
undercooling, equilibrium can be established where the mixing and elastic contributions to free
energy balance out and steady state swelling can be achieved (as seen in Fig. 4-5a at 11 and 12
0C, Fig. 4-5b at 11 C, and Fig. 4-5c at 6 0C). With greater undercooling, the increasingly favored
solvent-polymer interactions result in swelling forces strong enough to cause creep type behavior
where the degree of swelling increases with time as seen at lower temperatures in Fig. 4-5. The
transition between time-independent and time-dependent swelling is clear in Fig. 4-6 where the
10 min and 20 min curves deviate at a certain degree of cooling below Tsti. It is in this low
temperature, time-dependent swelling regime that differences between the triblock and diblock
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containing films become significant. Comparing the dynamic swelling curves in the low
temperature range in Fig 4-5, we see that while (DB/PAA) quickly swells to failure at 9 "C, both
(STB/PAA) and (LTB/PAA) are able to sustain stable t values in the range of 4 to 10.
Deswelling and drying of the triblock based mPEMs from any of the points in Fig. 4-5 revealed
no film loss, whereas diblock containing films swollen at 6 or 9 'C showed significant (60-80%)
film loss when exposed to these temperatures for more than 30 min (AFM and optical images of
disintegrating (DB/PAA 7.0) multilayers held at cold temperature for 30 min are shown in
Appendix B, Fig. B-12). As illustrated in Figure 4-4, the mPEMs that contain triblock
copolymers, (STB/PAA) and (LTB/PAA), have connectivity in the P domains, in turn covalently
linked to D blocks in the ionically stabilized network. This topological connectivity in the
triblocks leads to equilibrium load-bearing trapped entanglements that are not present in the
diblock system. Consequently, the diblock-containing mPEMs show the largest propensity to
disintegrate at low temperatures whereas the triblock-containing systems show greater ability to
sustain controlled swelling and exhibit a greater range of reversible swelling phenomena.
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Figure 4-7. Changes in swelling degree, t, of mPEMs: (a) (DB/PAA), (b) (STB/PAA) and (c)
(LTB/PAA), upon cycling between the dry state at room temperature (20 C), wet state in cold
DI water adjusted to pH 7 at 2 min immersion times, and de-swollen and dried at (20 C).
Despite the time-dependent creep observed during extended low temperature exposure, Figure 4-
7 shows that the short-time swelling response (points circled in Fig. 4-5) is reproducible and
essentially fully reversible for all the BCP systems studied; no film lost or history dependence of
this short time response was detected with repeated swelling and deswelling cycles. AFM images
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of dry film morphology after 7 swelling and deswelling cycles are shown in Figure 4-8 and
reveal negligible change in surface morphology compared to the pre swelling images in Fig. 4-2.
The degree of swelling recorded at 2 minutes of low temperature exposure increased with the
degree of undercooling, AT = T - Ttt. Figure 4-7 shows the reversible short time swelling
response at AT = 4 or 6 0C. These undercooling values correspond to temperatures of ~ 11 and 9
C for the STB and DB multilayers and 6 or 4 0C for the LTB multilayer. The degree of swelling,
t, being a function of temperature and swelling time, is denoted as tx(AT, t), where x is the BCP
component present in the film under consideration, AT is the undercooling, *C, and t is the
swelling time, minutes. From Fig. 4-7, we see that the short time swelling response of the
triblock copolymers with different molecular weights but the same P:D ratios is similar with
Tsm(4, 2) TLTB( 4 , 2) ~ 3.6 and rsT(6, 2) ~ TLTB( 6 , 2) ~ 5. In this respect, the overall triblock
molecular weight did not affect the reversible behavior. On the other hand, short time response
of the diblock-containing mPEM films (Fig. 8a) show marked differences from their triblock
counterparts (Figs. 8b and 8c). The diblock films swell to lower extents than the triblock
containing films at AT = 4 0C and to greater extents at AT = 6 0C. The lower degree of swelling
at AT = 4 0C could reflect the lower P:D ratio of DB while the higher degree of swelling at AT =
6 0C is likely the effect of connectivity differences discussed above.
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Figure 4-8. 1 pm x 1 pm atomic force microscope (AFM) images of dried mPEM multilayers
after 7 cycles of swelling (at AT = 6 *C) and deswelling (at 20 *C) in pH 7 DI water. The left
column consists of height images while the right column consists of phase images. Rows a, b,
and c correspond to multilayers of (STB/PAA) 30 (swollen at 9 C), (DB/PAA) 35 (swollen at 9 "C)
and (LTB/PAA) 35 (swollen at 4 'C) respectively. White scale bars on images represent 100 nm,
while height and phase scales are shown on the right.
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4.5 Conclusions
In this Chapter, we exposed the effects of BCP architecture on the properties of temperature
responsive mPEM thin films created by LbL assembly. We found that both the solution
micellization temperature (MT) and film swelling transition temperature (Tstt) depend on P block
length. Importantly, our results reveal that while all three BCPs can be used to create temperature
responsive films, the range of reversible swelling that is accessible depends critically on BCP
connectivity. While the diblock containing films quickly swell to the point of failure at AT = 6 or
more, the triblock copolymer containing multilayers, both (STB/PAA) and (LTB/PAA) are able
to sustain significantly lower rates of creep and sustained swollen states with prolonged low
temperature exposure. The differences in dynamic swelling responses uncovered in this study
have significant implications in the application of these temperature-swellable films. Where they
might be suited for applications that require repeated rapid and transient low temperature
exposure, the diblock copolymer containing films cannot be exposed to low temperature for long.
That being said, the disintegration of the diblock copolymer containing film at low temperatures
could make it useful as a low temperature release system. Extrapolating from the understanding
gained in this chapter, star block copolymers with covalently connected temperature responsive
core blocks and polyelectrolyte end blocks might represent the ideal architecture for creating of
creep resistant temperature-swellable multilayers.
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CHAPTER 5: APPLICATIONS AND FUTURE PERSPECTIVES
FOR TEMPERATURE RESPONSIVE MICELLE
MULTILAYER COATINGS
$T
5.1 Abstract
This chapter explores some functional aspects of temperature responsive, micelle containing thin
film hydrogel coatings created by LbL assembly. We first demonstrate that conformal coatings
of the temperature responsive multilayers developed in this thesis can be used to gate membranes
pores and allow temperature control of fluid flux through modified track etched polycarbonate
membranes. Separately, we show that the LbL method of creating temperature responsive
hydrogel coatings is amenable to sacrificial template-based creation of hollow nanotubes that
present freestanding nano-structured elements. In addition, application of reversibly swellable
hydrogel coatings for the entrapment and controlled release of proteins is investigated. Our
results suggest that these temperature-responsive micelle multilayers, able to swell reversibly by
large amounts, hold immense potential in the field of protein delivery. On a related note, the pH,
salt concentration and temperature dependent stability of various temperature-responsive block
copolymer multilayer systems is studied in detail. Through the choice of block copolymer
architecture and anionic binding partner, these temperature responsive weak polyelectrolyte
systems are shown to offer unique opportunities for customized dissolution. This makes them
interesting as triggered surface release systems.
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5.2 Introduction
As outlined in Chapter 1, Section 1.2.3, temperature responsive hydrogels are highly sought after
because temperature can trigger and control their degree of swelling, along with other useful
changes in material properties (ref. to Fig. 1-2). Chapter 2 demonstrated how Layer-by-Layer
(LbL) assembly can be used as a facile means to create thin film temperature responsive coatings
while Chapter 4, revealed how block copolymer architectural design influences the functionality
of the responsive hydrogels. Armed with this knowledge, in this chapter, we seek to exploit the
unique possibilities (summarized in Chapter 1, Section 1.5) offered by using LbL assembly to
create thin film responsive hydrogels. Namely, the ability to create conformal coatings within
confined geometries is harnessed to modify the walls of membrane pores. In doing so,
temperature induced swelling transitions of the pore coatings can be utilized to control the size of
the membrane pore openings and function as a temperature controlled membrane gating
mechanism 4,6-8. In addition, the ability to create hydrogel coatings on uniquely shaped sacrificial
templates"~ is used to create free standing entities composed of thin hydrogel walls left behind
upon template removal. Where the creation of pH responsive freestanding nanotube forests12 has
been demonstrated, here, we attempt to create nanotube forests out of temperature responsive
material. The unique structure of nanotube forests or capsule versions of temperature responsive
hydrogel thin films can open up new possibilities for customized application of these
materials9,13
A significant market for responsive hydrogel materials is in the area of controlled delivery14
(refer to Chapter 1, Section 1.2.3). The tunable porosity in hydrogels allows loading of drugs into
the gel matrix and their subsequent release at rates dependent on the diffusion coefficient of the
drug in the gel matrix ' . Owing to the high water content of hydrogels, they have excellent
biocompatibility as reflected by their successful use in the peritoneum" and other in vivo sites.
Furthermore, hydrogels are relatively compliant materials that can conform to the shape of sites
to which they are applied' 7 , allowing for good physical contact with the surrounding tissue. The
benefits of hydrogels for drug delivery are largely pharmacokinetic' 6 . Hydrogels loaded with
drugs serve as a physically localized reservoir from which drugs slowly elute, allowing the
maintenance of a high local concentration of drugs in the tissues surrounding the gel, over an
extended period 5"6 . Specifically, changes in 'mesh size' of our temperature responsive
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multilayers via the opening and closing of micelle core domains offer opportunities for rapid
absorption (at low temperature), trapping of protein therapeutics (at room temperature) and
subsequent slow release (at body temperature). Such a trapping mechanism 1 4' 19 is particularly
useful for protein therapeutics because proteins are very sensitive to changes in solvent polarity 20,
21 22,23pH and higher temperatures, above body temperature ',. When exposed to the wrong solution
conditions, proteins denature and can easily lose their bioactivity and therapeutic function. As a
result, typical polymer drug delivery encapsulation methods that involve dispersion in organic
solvents20 and co-precipitation24 applicable for small organic drug molecules often cannot be
applied to protein therapeutics. Loading and encapsulation of proteins into hydrogel type
matrices from all aqueous, buffered conditions is thus of great interest in the field 25 ,26 . The
benign, all aqueous LbL assembly technique of hydrogel creation coupled with post-assembly
protein loading also presents a great advantage over in-situ polymerization or cross-linking
methods of hydrogel formation which require careful and thorough removal of toxic reagents.
This is often difficult as leaching of loaded drugs out of the hydrogel needs to be prevented at the
same time16. Further, while typical non-responsive hydrogels are highly hydrated in
27physiological environments and unable to offer slow and sustained rates of release , our
temperature responsive system offers opportunities for high loading capability and sustained
release rates. This is likely a unique benefit of the nanocomposite chemical nature of the micelle
multilayer system (as depicted in Section 5.4.3, Fig. 5-10).
Finally, as alluded to in Chapter 4, temperature triggered disintegration of block copolymer
multilayers under certain conditions could make them useful as release layers for the creation of
polyelectrolyte patches28 , free standing films29-32, cell sheet engineering 33,34 as well as for
triggered burst releasess. Multilayer systems composed of various block copolymer architectures
and assembled in a variety of conditions are studied to develop a deeper understanding of how
these controllable parameters can tune final film stability. The temperature responsive thin films
studied in Section 5.4.4 of this chapter exhibit a wide range of accessible disintegration behavior
sensitive to the specific environmental combination of pH, salt and temperature conditions. The
results reveal a high level of customizability and the possibility of tuning the dissolution to suit a
wide range of specific release applications.
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5.3 Materials and methods
Materials. Poly(acrylic acid) (PAA) (Mw 90 000, 25% aqueous solution) (Polysciences);
Poly(N,N-dimethylaminoethyl methacrylate)-b-poly(propylene oxide)-b-poly(N,Ndimethylaminoethyl
methacrylate) (STB) (Mw ca. 1600-3000-1600, PI=1.5) (Polymer Source), DB and LTB are used
as synthesized in Chapter 3. All commercial polyelectrolytes were used as received without
further purification. PAA was prepared as 10-2 M solutions (based on the repeat-unit molecular
weight), and PD-PP-PD was prepared as 0.1 mg/mL solution, all in ultrapure 18 MQ-cm
deionized water (Millipore Milli-Q). The templates used during PEM assembly were track-
etched polycarbonate (TEPC) membranes (Whatman) which have a thickness of ca. 10 pm and a
variety of pore sizes (membranes with cylindrical pores of diameter 200 nm, 800 nm, or 3 gm
were used). Dichloromethane used was from Sigma-Aldrich.
Coating of TEPC membranes. Membranes were modified by carrying out LbL assembly of
PD-PP-PD or LTB with PAA on TEPC membranes as described in Chapters 2 and 4. The only
difference being the use of membranes in place of silicon wafers as substrates.
Water flux measurements. The water flux through membranes (before and after coating) was
studied using a Amicon stirred dead end filtration cell (Model 8010 Cat. No. 5121) sold by
Millipore in a set-up illustrated in Figure 5-Mi. For 0 4C measurements, the dead end filtration
cell was immersed in an ice bath.
Regulator Dead End
Filtration Cell
Membrane
Pressurized Pressurized Water Beaker
N2  Reservoir
Figure 5-Mi. Schematic of set-up used to measure water flux through membranes.
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Nanotube array synthesis and characterization*. The overall nanotube synthesis scheme is
summarized in Figure 5-M2: (i) use of track-etched polycarbonate (TEPC) membranes with
commercially available variations in pore size and spacing and (ii) LbL assembly on the TEPC
membrane. Conformal coatings are deposited both on outer flat surfaces and within the pores as
illustrated in (iii). LbL assembly was done as described in Chapters 2 and 4. In step (iv), the
coated membranes in (iii) are attached to a substrate (amine-treated glass slide or silicon wafer)
by wetting the TEPC membrane with DI water, placing it on the substrate (which has positive
residual surface charges), followed by heating in an oven at 60 *C for 15 min. In step (v), the
unattached top surface of the coated membrane is plasma etched (Harrick Scientific Plasma
Cleaner) to selectively remove the flat film deposited on the outer membrane surface. Optimal
etching conditions for the plasma etching involved exposure to oxygen at 100 mTorr for 10 min.
Finally the TEPC membrane template is removed by dissolution in dichloromethane (DCM) in
step (vi). To do this, the entire sample is sequentially immersed into four fresh DCM solutions
for 20, 2, 2, and 1 min.
(n) Iiii)
Track-etched Layer by Layer (LbL) Conformally coatedpolycarbonate (TEPC) Assembly membrane
membrane
(iv) (V) (vi) 'Nanotubeforests'
Membrane attached to Coating on top surface of Membrane is dissolved to
a substrate membrane is removed leave an array of standing
nanotubes
Figure 5-M2. Schematic of the steps used to create surface-bound nanotube arrays. An idealized,
periodic spatial arrangement of pores and tubes are shown for illustration purposes. Schematic is
adapted with permission from the thesis of Gary Khek-Khiang Chia.
* Work on nanotubes arrays was done in collaboration with Gary Chia. Gary provided invaluable
advice and support that enabled the creation of freestanding nanotubes seen in Section 5.4.2.
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Scanning electron microscope (SEM) imaging. SEM images of samples sputter coated with
-1-2 nm of Au-Pd were taken using a JEOL JSM-6060 microscope operated at 5kV. The only
exception is the high resolution SEM images of dry nanotube forests shown in Figure 5-9, that
were imaged by Gary Chia using a JEOL 6320 HR-SEM.
Protein loading. To load protein into the (LTB/PAA 7.0) filmst, 500 [tL of 2 mg/mL protein
(FTIC-BSA) in 0.01 M, pH 7.4 phosphate buffer solution (PBS) was dispensed onto the surface
of the (LTB/PAA 7.0) thin film such that the film is submerged. Since LbL assembly results in
conformal coating of both the shiny and matte surfaces of the silicon wafer, the coating on the
matte side of the silicon wafer was removed by wiping carefully with 1 M HCl using wet
Kimwipes. This ensured that protein loading and release occurred only from one layer of the thin
film coating. Protein loading described above was carried out on -1 cm x 1 cm pieces of the top
coated silicon wafers in the wells of a 12-well cell culture plate. The thin films covered by the
protein solution were then enclosed in the 12-well plates and covered with parafilm (to prevent
evaporation) and aluminium foil (to prevent photobleaching of fluorescein). The 12-well plates
were then transferred to a fridge at 6 "C or left in the dark at room temperature (-24 0C) for 35
min to load the proteins. At the end of 35 min, the films were rinsed 5 times in 8 mL of 0.01 M
PBS with drying in between the 3 rd 4 th and 5th rinse. Each rinse was done quickly where the
samples are dipped and shaken in 8 ml of fresh PBS solution for - 10 sec. The last rinse solution
was checked for fluorescence. By the fifth rinse, the level of fluorescence was usually not
detectable. Occasionally the rinse steps needed to be repeated such that no fluorescence was
detectable in the rinse solution after the 30 sec rinse. These samples were then dried before use in
the release studies.
Protein release. Protein release was done by immersing the pieces of silicon wafer carrying the
protein loaded thin films into 8 mL of 0.01 M, pH 7.4 PBS solution in 50 mL centrifuge tubes,
incubated at 37 C. (Solutions were equilibrated at 37 0C before addition of the samples.) 3
aliquots of 100 ptL were removed (without replacement) at various time points for triplicate
fluorescence determination of protein concentration. To ensure infinite sink conditions, the
volume of solution was chosen such that at the end of experiments, the protein concentration was
still less than 0.25x the solubility limit of FITC-BSA. The total amount of protein released at
(LTB/PAA 7.0)35 multilayers of -150 nm thick were used for these experiments.
120
each time point was calculated from the volume and concentration of the protein determined by
fluorescence at that particular time point and addition of the summed amount of proteins
removed (in the 300 pL aliquots) at all prior time points. Control experiments were done with no
sample, and a blank single side coated silicon wafer with no protein loaded. All samples were
kept in the dark throughout the experiments.
Fluorescence determination of protein concentration. Protein concentrations of the solutions
were determined using a Molecular Devices Spectramax M2e fluorescence plate reader with an
excitation and emission wavelength of 485 and 535 nm, respectively. Fluorescence was
converted to protein mass concentration using standard curves prepared from PBS solutions
containing FITC- BSA in known serial dilutions; the fluorescence intensity was linear with
respect to protein concentration from 0.05 ptg/mL to 10 pg/mL.
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5.4 Results and Discussion
5.4.1 Temperature Gating of TEPC Membranes.
d
4 T
Figure 5-1. Scanning electron microscope (SEM) image of the top down overview of a typical
track etched polycarbonate (TEPC) membrane (a). This membrane has 800 nm diameter pores
and the inset in (a) shows a magnified view of three pores. (b) is a drawing that depicts the cross-
sectional view through 3 pores (representing a cut through the red line drawn in (a)). The
dimensional parameters that influence membrane flux d and L are indicated. (c) shows how a
conformal LbL coating (in pink) can change the pore diameter and thus affect flux. It is
important to note that the illustrations are distorted in terms of lateral and vertical scale. Where
pore diameters of membranes available include d, = 200 nm, 800 nm or 3 Rm, the length of the
pores, L, equal to the membrane thickness, is 10 jim. (d) and (e) show how the pore diameter can
be reduced by swelling of temperature responsive coatings induced by lowering the temperature.
The flux, J, across a porous membrane with cylindrical pores of average diameter d is given by
the Hagen-Poiseuille (HP) equation, Equation 5-1.
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Equation 5-1,
Q nwr(d/2)4 AP
A 8=L
Where Q is the volumetric flow rate,
A is the cross-sectional membrane area,
n is the number of pores per unit area of membrane,
r/ is the fluid viscosity,
AP is the pressure difference across the membrane,
and L is the average length of the pores.
As shown in Figure 5-1, by conformally coating TEPC membranes using LbL assembly, the pore
diameter, d, can be tuned easily as it decreases as the thickness of the coating, t, is increased. As
noted in the caption of Fig. 5-1, the illustrations are not drawn to scale. It is important to note
L+2t
that L >> d and thus ~ 1. Given that, the transmembrane flux is dominantly controlled by
the pore diameter, d. At a constant AP, the experimentally determined transmembrane flux, Jexp,
depends on the pore diameter, d, according to the following relation:
d Jexp 1/4
do Jo)Equation 5-2,
with reference states:
do being the average pore diameter of the uncoated membrane
and Jo the flux through the uncoated membrane.
By conformally coating membrane pores with a responsive coating that swells in response to
external stimuli, the stimuli can be used to elicit changes in pore diameter and membrane flux.
Previous work from our group (by Lee et al.3) has nicely demonstrated the utility of controllable
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membrane gating for separating macromolecules of different sizes using pH responsive
multilayers.
Here, we show that the temperature responsive multilayers developed in this thesis can be used
for temperature controlled membrane gating, where d and thus Jexp change as a function of
temperature, T, and Equation 5-2 takes on a temperature dependence expressed in Equation 5-3.
Equation 5-3,
d(T) = (Jexp(T) / 4
do Jo(T) )
Note: J(T) , the transmembrane flux through the bare, uncoated TEPC membrane is also
function of temperature because the viscosity of water changes with temperature.
As illustrated in Fig. 5-1, by coating TEPC membranes (do = 200 nm) with temperature
responsive multilayers, the membrane flux can be controlled by temperature as shown in Figure
5-2. The flux through the coated membranes can be reduced (from the open state at 20 C) by -
7x through swelling of the membrane coating induced at 0 0C. To give a physical sense of the
flow rate, the flux at 20 C was - 2.7 mL/ 2.5 cm2/10 min, equivalent to 18 mL/m 2/s. The flux at
0 "C was -2.6 mL/m 2/s. The pressure applied across the membranes, AP, was 8 psi and the
membrane area, A was 2.5 cm2.
*The transmembrane flux itself has a temperature dependence through temperature dependence
of the viscosity of water, r/(T).
For example, all other factors held constant, J*(2O - - 1.75 = 1.75.Jo(0) rq(20) 1
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Figure 5-2. Plot showing the changes in normalized membrane flux, , through TEPCJO(T)
membranes with 200 nm pores coated with (PD-PP-PD/PAA 7.0)15, as the temperature, T, is
cycled between 20 'C and 0 *C. §
By comparing the experimentally measured flux, Jexp (T), of the coated TEPC membranes with
the bare membranes (reference state), the pore diameters d(T) of the multilayer-modified
membranes under different temperature conditions can be estimated using Equation (5-3). From
d(T), the pore wall coating thickness, ty (T) can then be obtained from the relationship: d(T) =
d, - 2ty(T). Values for t,(T) thus obtained are listed below in Table 5-1. While values of
obtained in this case, is the same as that obtained for changes in the thickness of flat films,
tff (T), with tf=() = 2.5, this might not be expected, especially for thicker coatings where
tff (20)
confinement effects within pores will become important. Here the pore wall swollen thickness at
0 "C of 70 nm is less than d,/2 and the pore walls did not physically impinge on each other in
the swollen state.
§ There is a slight decrease in membrane flux with repeated cycling seen both in the uncoated
membranes and coated ones likely due to membrane fouling by particles in the solution. Particles
could have come from a rust spot found in the pressurized water reservoir system used.
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Table 5-1. Pore wall coating thickness, t., at the different temperatures (T) as inferred from the
transmembrane flux using Equation 5-3.
T, 0C ty (T), nm Standard Dev.
20 28 4.9
0 70 1.7
Figure 5-3 shows an SEM image of a TEPC membrane with d0 = 200 nm pores. The average
pore opening diameter of - 160 nm agrees relatively well with a coating thickness of - 15.6 nm
deduced from flux measurements assuming film swelling at 20 'C (as seen in Chapter 2) is -1.8x.
Figure 5-3. SEM image of a TEPC membrane (d,= 200 nm) coated with (PD-PP-PD/PAA
7.0)15.
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5.4.2 Freestanding Nanotubes made of Temperature Responsive Multilayers.
Apart from using LbL assembly to confer temperature responsive properties to membrane
function, membranes are also interesting as sacrificial templates for creating freestanding 3-D
nanostructured materials. As described in the work of my collaborator, Gary Chia, from our lab,
a fabrication procedure to create surface-bound polymer nanotube arrays from pH responsive
multilayers has been developed . Nanotubes represent useful structures that offer high specific
surface area (surface area per unit volume of material) and high aspect ratios9'10 . Nanotube arrays
with controllable intertube spacing as well as inner and outer tube diameter are interesting
materials whose functionality can be tuned by control of these structural parameters. The
multitude of structurally derived function are well documented in nature, a prominent example
being the attachment pads of gecko feet that are versatile and effective adhesives owing to
nanoscaled fibrillar structures(setae) that allows for intimate high area contact with surfaces.
By creating nanotube arrays of stimuli responsive materials, new phenomena can result from
collective behavior. As demonstrated by the work of L. Han et al., submitted, percolative effects
result in interesting mechanical behavior of pH responsive nanotube arrays. Here we investigate
the possibility to create nanotube arrays out of the temperature responsive materials studied in
the previous chapters. Multilayers of (PD-PP-PD/PAA 7.0) or (LTB/PAA 7.0) were built on
TEPC membranes with different pore sizes, do = 800 nm or 3 [tm. As seen in Figure 5-4 and
Figure 5-5, the pores of 800 nm TEPC membranes and 3 ptm TEPC membranes respectively can
be systematically closed by increasing the number of bilayers and thus the thickness of the LbL
coating. (* Figs 5-4 and 5-5 correspond to Step (iv) in the nanotube synthesis process illustrated
in Figure 5-M2 in the Methods section.)
As seen in Figure 5-4, the original d, = 800 nm pore openings are significantly narrowed by
coating (LTB/PAA 7.0)10 (row (b)) and most of the pores are obscured by the (LTB/PAA 7.0)15
coating (row (c)). For membranes of larger pores, do = 3 pm (shown in Figure 5-5), pore
openings get incrementally smaller from row (a) (LTB/PAA 7.0)10, (b) (LTB/PAA 7.0)20, (c)
(LTB/PAA 7.0)25, to (d) (LTB/PAA 7.0)30, with pores remaining open at (LTB/PAA 7.0)30.
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Figure 5-4. SEM images of TEPC membranes (d0 = 800 nm) coated with increasing numbers of
bilayers of (LTB/PAA 7.0). Images of the same coated membrane at different magnifications are
shown in each row; (a) (LTB/PAA 7.0)5, (b) (LTB/PAA 7.0)10 and (c) (LTB/PAA 7.0)15. The
insets in row (b) and (c) are of the membranes after plasma etching of the top surface.
The insets of Figure 5-4 in (b) and (c), have the top surface of the coated membranes plasma
etched away to reveal the coated pores beneath as illustrated in step (v) of Fig. 5-M2. From the
inset images, we see that while deposition of 5 more bilayers from (LTB/PAA 7.0)10 to
(LTB/PAA 7.0)15 obscures the top surface of the d,= 800 nm membranes, it did not seem to
have narrowed the pores beneath further. This is likely a bridging effect where the deposited
polymers bridged over the tops of the pores.
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Figure 5-5. SEM image of TEPC membranes (d0 = 3 gm) coated with increasing numbers of
bilayers of (LTB/PAA 7.0). Images shown in each row are of the same coated membrane at
different magnifications. Coatings are as follows, row (a) (LTB/PAA 7.0)1o, (b) (LTB/PAA
7.0)20, (c) (LTB/PAA 7.0)25, and (d) (LTB/PAA 7.0)30.
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Figure 5-6. SEM image of TEPC membranes (d0 = 3 jim) coated with increasing numbers of
bilayers of (PD-PP-PD/PAA 7.0). Images shown in each row are of the same membrane at
different magnifications. Coatings are as follows, row (a) (PD-PP-PD /PAA 7.0)10, (b) (PD-PP-
PD /PAA 7.0)20, (c) (PD-PP-PD /PAA 7.0)25, and (d) (PD-PP-PD /PAA 7.0)30-
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Notably, comparing the same do = 800 nm TEPC membranes coated with different block
copolymer (BCP) systems (shown in Figures 5-4 and 5-6) do result in some morphological
differences. The membranes coated with lower molecular weight PD-PP-PD (that used in
Chapter 2, of architecture Du1 -P58-DuI, and broad polydispersity), as shown in Figure 5-6, forms
significantly rougher coating surfaces than the higher molecular weight LTB (of architecture
D57-PP127-PD57 and polydispersity index 1.38). This agrees with the AFM studies (of Chapter 4)
that showed films of higher molecular weight BCPs had lower roughness. In addition to
differences in roughness on the flat regions, it also seems like the (LTB/PAA 7.0) system
provides better coating uniformity within pores and allows for better control of pore diameter.
Next, we set out to create nanotubes, by following procedures developed by Chia et al., from
membranes with d,= 800 nm and d0 = 3 pm, coated with (LTB/PAA 7.0) as described in the
Methods section.
Figure 5-7 is a collection of representative images showing some initial pitfalls that had to be
overcome before we could create the free standing nanotube forests shown in Figure 5-8 and
Figure 5-9.
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Figure 5-7. SEM images illustrating possible pitfalls in nanotube creation. (a) and (b) are
different magnifications of (PD-PP-PD/PAA 7.0) 10 nanotubes (made from do = 800 nm
membranes) that were wet by water before drying. (c) and (d) show cases where nanotubes had
torn off from the bottom surface; (c) is from TEPC membranes with d,= 800 nm and (d) from
d0 = 3 pm. Images (e) through (h) show nanotubes of (LTB/PAA 7.0)10 where plasma etching
failed and the top layer of the coating remained intact. The major flat region in (e) is shown at
higher magnification in (h) and the crack, boxed in (f), is magnified in (e). (g) is further
magnification of the boxed region in (f). (i) (LTB/PAA 7.0)10 nanotubes with incomplete etching
of the top surface in some areas. (j) gives an overview of how the problems seen in (d) and (e)
could be related.
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From Fig. 5-7, we realized that wetting of formed nanotube arrays could result in the merging of
nanotubes as seen in (a) and (b) while this is undesirable for the creation of discrete tubular
entities, the tendency for the nanotubes to merge might reflect the potential for these multilayers
to serve as self healing materials. The origin of most problems (seen in Fig. 5-7c-j) was found to
be sub-optimal plasma etching conditions. Incomplete removal of the top surface of the coating
could tear off the nanotubes during template removal in DCM (Fig. 5-M2, step (v)). The result of
this is shown in Fig. 5-7(c) and (d). Alternatively, not removed, the top layer could also collapse
onto the nanotubes as shown in Fig. 5-7 (e) and (h). In collaboration with Gary Chia in our lab,
we found that the synthesis of (PD-PP-PD/PAA 7.0) and (LTB/PAA 7.0) nanotube arrays
required a few modifications from the original nanotube fabrication procedure developed by
Gary for creating (PAH7.5/PAA3.5) nanotubes. The key difference lay in step (v) (ref. to Fig. 5-
M2), where plasma etching rate for the different polymer coatings was found to be different.
While the (PAH7.5/PAA3.5) system etched well at 150 mTorr of Oxygen, for 15 min, the (PD-
PP-PD/PAA 7.0) and (LTB/PAA 7.0) multilayers did not. The optimal etching conditions for
these systems of interest here were found to be Oxygen at a lower pressure of 100 mTorr, and,
surprisingly for a shorter amount of time (10 min). This indicated that the efficiency of PEM
etching at this 100 mTorr Oxygen pressure was much higher. Using the optimized etching
conditions, arrays of nanotubes were successfully created from (LTB/PAA 7.0) shown in Figure 5-
8 as well as from (PD-PP-PD/PAA 7.0) (Fig. 5-9) built on both d,= 800 nm and d,= 3 pim
membranes. Particularly, in the smaller nanotube system shown in (a) and (b) of Figures 5-8 and 5-9,
notable bunching together of nanotubes is observed. This arises from strong capillary forces that
originate from the surface tension of the drying DCM film between the nanotubes. The liquid surface
tension pulls the tubes together as DCM evaporates after the membrane removal step. This effect is
less obvious in the case of the larger 3 ptm tubes that are further apart. (Capillary forces that draw
tubes together scale inversely as the distance between tubes.) In addition, the larger tubes are
likely to be more rigid structures. Comparing (c) and (d) of Figure 5-8 to those of 5-9, the
(LTB/PAA 7.0)10 system seems to form more rigid tubes with thicker walls than (PD-PP-
PD/PAA7.0) 10.
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Figure 5-8. SEM images of nanotube forests made from TEPC membranes (d0 = 800 nm) coated
with (LTB/PAA 7.0)10 at different magnifications are shown in (a) and (b), while nanotube
forests made from TEPC membranes (d0 = 3 sm) coated with (LTB/PAA 7.0)10 at different
magnifications are shown in (c) and (d).
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Figure 5-9. High resolution SEM images** of nanotube forests made from TEPC membranes
(d= 800 nm) coated with (PD-PP-PD/PAA 7.0)10 at different magnifications are shown in (a)
and (b), while nanotubes made from TEPC membranes (d0 = 3 gm) coated with (PD-PP-PD/PAA
7.0)10 at different magnifications are shown in (c) and (d).
** High resolution SEM images of nanotube forests shown in Fig. 5-9 were obtained by my
collaborator Gary Khek Khiang Chia.
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5.4.3 Protein Trapping and Release for Controlled Delivery.
In this section, the temperature controlled loading and release of bovine serum albumin (BSA)
from (LTB/PAA 7.0) multilayers is studied. FTIC labeled BSA, a readily available 66 kDa
protein of Rh - 4.5 nm, negatively charged at neutral pH, was chosen as a model protein for
studying the temperature dependent loading and subsequent release of protein therapeutics from
temperature responsive (LTB/PAA 7.0) multilayers.
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Figure 5-10. Schematic diagram illustrating the nanocomposite nature of block copolymer
micelle/polyanion multilayers. Typical length scales of the nanostructure, as well as the two
distinct types of crosslinks operative in holding the network together are depicted. In the case of
micelles with temperature responsive poly(propylene oxide) (PPO) cores, crosslink density is
affected by temperature, in addition to pH and salt concentration that affects the ionic bonds in
weak polyelectrolyte multilayers.
As shown in Figure 5-10, the (LTB/PAA 7.0) polymeric networks are held together by crosslinks
of two different types. Temperature affects the hydrophobic associations of the PPO component
in the network. For LTB, at temperatures above 10 *C the PPO block associates with other PPO
blocks to form hydrophobic domains in the film. These associated regions decrease the effective
molecular weight between crosslinks, Mc, resulting in mesh sizes, ,, (described in Chapter 1,
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Figure 1-3, Eqn. (12)), that are small and limited by the distance between ionic crosslinks in the
ionic matrix. When the temperature is decreased below 10 0C, PPO blocks start interacting with
water molecules by hydrogen bonding. PPO-water contacts are favored and the micelle cores
open up as PPO chains dissociate from one another and become swollen with water. This creates
open regions (from originally collapsed and dense micelle cores) with mesh sizes on the order of
the root mean squared end to end distance, (r] )/, of the swollen central PPO block of LTB.
The average mesh size offered between LTB PPO blocks are expected to range from zero in the
collapsed dehydrated state, to something between that of a theta solvent condition,
( r2 ) ~12 4 nm and less than the core block contour length of ~ 40 nm.
As seen in Chapter 4, the Q values for various block copolymer multilayers here can take on time
and temperature dependences. The value of Q for (LTB/PAA 7.0) at 6 0C, 30 min is 6 and that at
room temperature is 2. Following from the effects of mesh size (4) and swelling ratio (Q) on the
diffusion of molecules in gels as described by Eqn. (12) in Chapter 1, Section 1.2.3, we harness
the temperature induced changes in Q, to allow for quick loading of protein molecules into the
gel matrix at low temperature (6 'C; high Q), trapping of the proteins (at room temperature; low
Q) and sustained slow release of the proteins out of the gel at body temperature (37 'C; low Q).
As seen in Figure 5-11, the total amount of protein released from the same (LTB/PAA 7.0)35 film
is different depending on the protein loading temperature. The films loaded by immersing in
protein solution at 6 0C released a total of 3.3 [tg of FTIC-BSA after 430 hours while films
loaded for the same duration at 22 0C released a total of 0.81 pg of protein after 430 hours". This
amount of protein represents the respective maximum amount of protein (Mf; plateau value) that
can be released from the films loaded with the specified conditions. Given the dry film
dimensions of - 150 nm x 1 cm x 1 cm, and taking the dry film density to be - 1 g/cm3 the
loading capacity of the gel given by mass of protein loaded (taken as total protein released) ~ 22% for
dry mass of gel
loading at 6 *C for 35 min.
* Side note: (LTB/PAA 7.0)35 films remained intact at the end of the loading and release process.
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Figure 5-11. Cumulative FTIC-BSA released into 0.01 M PBS buffered solution (at 37 *C) as a
function of time.
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Figure 5-12. Relative amount of FTIC-BSA released, M(t)/M f, as a function of time. Curves
labeled (a) correspond to the data in Figure 5-11, while curves labeled (b) are data from a
separate set of samples and separate release trial.
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Since the release conditions are identical, wherein loaded films release proteins into the same
volume of solution at the same temperature of 37 0C, the state of the hydrogel network (4 and Q)
should be the same despite the different protein loading. This is reflected by the same kinetics of
protein release described by the mass of protein released at time, t, M(t), normalized by Mf, i.e.
M(t)/Mf, as shown in Figure 5-12. The kinetics of release from the 3 samples per loading
condition studied in Figure 5-11, curves labeled (a) in Fig. 5-12 as well as results from different
samples in a separate trial, curves labeled (b) in Fig. 5-12 fall on top of one another reflecting the
same release kinetics. Protein release from these nanocomposite films (as depicted in Fig. 5-10)
does not follow first order release kinetics.
While several more experiments should be done to confirm the reproducibility of these results as
and to further understand the loading dependence on time and film thickness, the preliminary
data shown here is telling. By using a low loading temperature, we can quickly load a large
amount of protein into the swollen polymer matrix and trap these proteins by increasing the
temperature to elicit gel collapse through the hydrophobic associations induced. The relatively
high loading capacity and reasonably sustained rates of protein release from these films make
them promising materials for protein therapeutic delivery.
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5.4.4 Tunable Disintegration of Multilayers for Triggered Release.
Environmentally triggered disintegration of thin film coatings can be useful for a variety of
applications including triggered 'burst' release with dispersion of materials carried within the gel
matrix or triggered release of material layers or cell sheets held on the top surface of these films.
The nanostructure of our temperature responsive micelle multilayers, held together by two
different types of associations (illustrated in Figure 5-10), offers the unique ability to affect film
stability by changes in temperature, pH and salt concentration. In short, the ionic crosslinks in
the matrix of micelle corona chains associated with PAA are destabilized (1) at pH values
removed from the film assembly pH and (2) at high salt concentrations. While the impact of pH
is operative specifically in the case of weak polyelectrolytes with pH dependent ionization
described in Chapter 1, Section 1.3, the effect of salt on polyelectrolyte multilayer stability is
operative for both strong and weak polyelectrolyte combinations36.
5.4.4a Salt induced film instability.
When salt is added to the aqueous medium bathing the polyelectrolyte multilayer, a dynamic
equilibrium between all the charged species is reached 36 . The charged groups on each
polyelectrolyte can bind to either the oppositely charged groups on the other polyelectrolyte or
oppositely charged free ions. By increasing the salt concentration, the equilibrium is shifted to
favor polyelectrolyte associations with free salt ions, effectively decreasing the ionic crosslink
density operative in the polyelectrolyte multilayer. This increases the effective molecular weight
between crosslinks and the swelling ratio as seen in Figure 5-13. Figure 5-13 shows the effect of
salt (NaCl) concentration on the swelling and stability of homopolymer containing (D/PAA 7.0)
and block copolymer (PD-PP-PD/PAA 7.0) multilayers; swelling ratio = wet (swollen) film thickessdry film thickness
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Figure 5-13. The swelling of (D/PAA 7.0)40 and (PD-PP-PD/PAA 7.0)40 multilayers at room
temperature, RT, of 22 0C is plotted as a function of NaCl salt concentration. The swelling ratio
wet (swollen) film thickessis defined as the dry film thickness . Solid points are stable to the salt solution in which
swelling is reversible. The shaded region (and hollow points at 0.6 M salt concentration)
indicates the region of film instability where film loss starts to occur.
As mentioned in Chapter 2, when assembled with poly(styrene-4-sulfonate) (PSS), PD-PP-PD
containing multilayers (PD-PP-PD/PSS 7.0) fail to exhibit temperature dependent swelling. This
is likely the result of tight and dense ionic crosslinking in ionic matrix that prohibits the
expansion of the PPO micelle cores at low temperature. Given the ability of salt to destabilize
ionic associations through charge screening and competitive binding, we tested to see if
loosening of the ionic linkages in (PD-PP-PD/PSS 7.0) multilayers could allow for temperature
responsive swelling. Figure 5-14 shows the swelling of (PD-PP-PD/PSS 7.0)50 in DI water
solutions with different concentrations of salt (NaCl) added. All solutions were adjusted to pH 7
and the swelling ratio in each salt solution was determined at both room temperature (-22 *C)
and in cold conditions (6 *C). As seen in Figure 5-14, the swelling at both 22 and 6 *C increases
with increasing salt concentration. Notably, there is no significant difference in swelling ratio
resulting from temperature at NaCl concentrations of 0.6 M and below. This is the same case for
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swelling in lx PBS buffer. At these salt concentrations, the swelling ratio is < 1.4. With
reference to Equation (10) (of Chapter 1, Section 1.2.1), we know that the swelling ratio (Q) is
reflective of the degree of crosslinking within polymer network, where more tightly crosslinked
networks with higher crosslink density will exhibit lower swelling ratios. When we compare the
room temperature swelling ratios of (PD-PP-PD/PAA 7.0) to the room temperature swelling
ratios of (PD-PP-PD/PSS 7.0) multilayers in low salt conditions we see that in the same solution,
the latter has a lower swelling ratio. This indeed supports the case made in Chapter 2, where
(PD-PP-PD/PSS 7.0) was postulated to have a more tightly crosslinked polyelectrolyte network
that prohibited water imbibition into micelle cores at low temperature. Further confirming our
hypothesis is the fact that addition of 0.8 M of salt loosens the polyelectrolyte network in (PD-
PP-PD/PSS 7.0) sufficiently to allow for increased swelling at 6 *C. Owing to the greater
stability of sulfonate - tertiary amine electrostatic interactions in (PD-PP-PD/PSS 7.0) compared
to those of carboxylic acid - tertiary amine interactions in (PD-PP-PD/PAA 7.0), while film
instability starts at 0.6M NaCl for the latter, instability and dissolution in of (PD-PP-PD/PSS 7.0)
starts at a slightly higher salt concentration of 1 M.
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Figure 5-14. The swelling of (PD-PP-PD/PSS 7.0) multilayers at room temperature (~22 'C) and
cold temperature (6 'C) is plotted as a function of NaCl concentration. The swelling ratio in PBS
is the same as the swelling in solutions with 0.2 M NaCl, as indicated by the labeled arrow. The
shaded region indicates the region of film instability where the multilayer starts to disintegrate.
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5.4.4b pH induced film instability.
As mentioned before, another factor that affects polyelectrolyte multilayer (PEM) stability is
solution pH. The effect of pH operates via the dynamic equilibrium between the weakly acid and
weakly basic groups on weak polyelectrolytes and H' ions. As described in Chapter 1, Section 1-
3, the degree of ionization of both the PDMAEMA block and the PAA homopolymer depend on
the solution pH. At the LbL assembly pH, the free positive charges on the PDMAEMA are fully
compensated for by association with the negatively charged ionized groups on PAA; the PEM is
charge neutral. As seen in Figure 1-5 of Chapter 1, the number of positive charges on
PDMAEMA tends to decrease with increasing pH, while the number of negative charges on
PAA tends to increase with solution pH. In this manner, immersing the PEM in a solution of pH
greater than the assembly pH of 7 creates an excess of negative charge in the film. The contrary
is also true, where immersion in solutions of pH less than 7 can result in an excess of positive
charge in the film. The greater the difference between the immersion solution pH and the
assembly pH, the greater the disruption of the balance of ionic bonds and the greater the number
of excess charges generated. The disruption of ionic bonds weakens the multilayer while the
generation of excess charge results in additional swelling of the hydrogel, through electrostatic
repulsion and the generation of increased osmotic pressure within the gel (as described in
Chapter 1, Section 1.2). Both these effects cause destabilization of PEMs. The destabilization of
PEMs can be qualitatively quantified by immersing PEMs in solutions of various pH for a fixed
amount of time, drying the films and then measuring the thickness of films remaining on the
substrate post pH annealing. The fraction of film thickness remaining after annealing is defined
as Final dry fim thickness post annealing = f. Figure 5-15 shows the fraction of film thickness of
as he Initial dry film thickness Ti
PEMs remaining after 18 hours of immersion in solutions of different pH done at either 20 C or
6 C. Both PEMs of pure homopolymer films, (D/PAA) assembled at pH 4 and at pH 7, as well
as micelle containing (PD-PP-PD/PAA 7.0) multilayers were studied to illustrate the effects of
assembly pH and the effect of additional hydrophobic associations operative in the micelle
containing multilayers.
Looking at the (D/PAA 4.0) system annealed at 20 0C, we see that films are stable at the
assembly pH 4, as well as at pH 3. Film loss starts to occur within 18 hours in solutions of pH >
4.5. The higher the pH of the solution the film was immersed in, the greater the amount of film
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loss. For the (D/PAA 7.0) system, films are stable at the assembly pH of 7 while film loss
increases as the immersion solution pH departs from pH 7 in either direction. The effect of acidic
solutions seems to be more severe in this case. At pH 4 and below, the films completely dissolve
away. Comparing the results from annealing the homopolymer films at room temperature (20 *C)
versus annealing at a colder temperature of 5 *C, we see that film retention was slightly higher at
the lower temperature. This is likely the result of faster film dissolution kinetics at the higher
temperature as expected from the Arrhenius Equation, where the reaction rate, k, varies with
Ea
temperature, T, as: k oc e ~R, Eabeing the activation energy of the reaction (positive in the case
of bond breakage and film dissolution) and R the universal gas constant, 8.314 J/mol/K.
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Figure 5-15. Fraction of multilayer films remaining ") for (D/PAA 4.0)20 (squares), (D/PAA
7.0)20 (triangles), (PD-PP-PD/PAA 7.0)40 (circles) post annealing for 20 hours in DI water,
adjusted to various pH values, at either 20 *C (solid symbols and lines) or 5 *C (hollow symbols
and dotted lines).
Examining the results from annealing (PD-PP-PD/PAA 7.0) films, pink circles in Fig. 5-15, we
see the interesting effect of the temperature responsive PPO micelle cores. At the low
temperature of 5 *C, PPO is hydrated and do not contribute to additional bonding within the
multilayer. The behavior of (PD-PP-PD/PAA 7.0) (hollow circles) is thus similar to that of
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(D/PAA 7.0) (hollow triangles). At 20 0C, the PPO midblocks of PD-PP-PD are hydrophobically
associated in micelle cores that serve as additional crosslinks in the multilayer network. These
associations are relatively insensitive to pH variation and help stabilize the film. (PD-PP-
PD/PAA 7.0) annealed at 20 0C (solid circles), thus exhibits better film stability than the
homopolymer (D/PAA 7.0) films annealed at the same conditions (solid triangles). In summary,
the stability of weak polyelectrolyte multilayers can be tailored through selection of the film
assembly pH relative to the pH at which film stability or dissolution is desired. In addition, use
of temperature responsive triblock copolymers like PD-PP-PD adds an additional temperature
control over film stability, making these multilayers highly customizable for release under
specific temperature and pH combinations.
5.4.4c Effect of block copolymer architecture on film stability.
While the presence of aggregated PPO segments in (PD-PP-PD/PAA 7.0) can help stabilize the
film at room temperature as seen in the previous section, the additional swelling of films induced
by dissolution of the PPO micelle cores at low temperatures can increase the film sensitivity to
pH at low temperature. As seen in Chapter 4, as the temperature is decreased below the LCST of
PPO, the osmotic pressure developed within micelle containing polyelectrolyte multilayers
(mPEMs), assembled with PPO in the dehydrated state at room temperature, can be so strong
that they tear the mPEM apart. As follows from the findings in Chapter 4, the temperature
responsive mPEM film stability at low temperatures is critically dependent on AT and the block
copolymer (BCP) architecture. Key features of BCP architecture that affect film stability include
BCP connectivity and the ratio of PDMAEMA (abbreviated PD) to PPO (abbreviated PP) units.
At low temperatures in pH 7 DI, the PD units hold the mPEM together through ionic associations
with PAA while the PP units contribute to generation of swelling forces and tend to drive film
dissolution. As such, films with higher PD:PP ratios are expected to be more stable at low
temperatures. This is indeed the case, as demonstrated in Figure 5-16. As expected, at the low
temperatures where PPO blocks become swollen with water, the stability of the multilayers (held
together solely by ionic bonding between the weak polyelectrolytes PDMAEMA and PAA),
decreases with departure of the immersion solution pH away from the assembly pH of 7. Notably,
for the films containing triblock copolymers PD7-PPI27-PD7, PD20-PP127-PD20, PD27-
PP127-PD27, film stability decreases with increasing PP:PD ratio. Thus PD27-PP127-PD27
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films are the most stable. The films of PD7-PP127-PD7 are not stable at the low temperatures
regardless of solution pH as the mere 7 units of PD are unable to sustain the network with the
majority PPO component going into solution at 5 *C. Similarly, the low temperature stability of
(PP65-PD65/PAA 7.0) is slightly higher than that of (PP65-PD58/PAA 7.0)**. In agreement with
results in Chapter 4, the triblock copolymer connectivity results in higher stability of the triblock
containing (PD27-PP127-PD27/PAA 7.0) compared to that of either of the diblock copolymer
films, (PP65-PD58/PAA 7.0) or (PP65-PD65/PAA 7.0), despite the higher PD:PP ratios of the
diblock containing films. In summary molecular design of block copolymer architecture can be
used to tune the stability of these temperature responsive coatings.
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Figure 5-16. Fraction of multilayer film thickness remaining, , after 20 hours of immersion in
DI water adjusted to various pH at 5 C. All multilayers studied were assembled at pH 7 but
contain block copolymers of different architecture, where PD is the PDMAEMA block, PP the
PPO block and the numbers following each abbreviation being the degree of polymerization of
the block. Block copolymer components used include triblocks (solid symbols and lines): PD7-
PP127-PD7, PD20-PP127-PD20 and D20-PP127-PD20 as well as diblocks (hollow symbols;
dotted lines): PP65-PD58 and PP65-PD65.
** PP65-PD58 is the same block copolymer abbreviated as DB in Chapters 3 and 4 while PD27-
PP127-PD27 is the same as LTB. Abbreviations that express the block copolymer architecture
are adopted in this section for ease of comparison and discussion.
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5.4.4b. Time and temperature dependence offilm disintegration.
While it was easiest to study the pH, salt and temperature impact on the stability of various
multilayers by annealing in different solutions for a fixed, long time, as seen in above, the degree
of film swelling and film disintegration, as described in Chapter 4, is time and temperature
dependent. As demonstrated in Figure 5-17, the rate of film loss for (DB/PAA 7.0) multilayers
increases over time and with increasing degree of undercooling, AT = T - Tsu (ref. to Chapter 4).
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Figure 5-17. Variation in the fraction of (DB/PAA 7.0) film thickness remaining, , with time
of annealing in pH 7 adjusted DI water at different degrees of undercooling, AT = 3, 6 or 10 "C.
Figure 5-18 contrasts the film stability of multilayers studied in Chapter 4 and demonstrates
clearly the fact that the triblock containing multilayers are more stable than the diblock
containing multilayer. While the diblock film (DB/PAA 7.0) almost completely disintegrates in
an hour, no film loss is detected after holding the triblock containing multilayers (STB/PAA 7.0)
and (LTB/PAA 7.0) at AT = 6 "C.
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Figure 5-18. Variation of the fraction of multilayer film thickness remaining, }, with time of
annealing in pH 7 adjusted DI water at AT = 6 "C for different multilayer systems: (STB/PAA
7.0) (squares), (LTB/PAA 7.0) (circles) and (DB/PAA 7.0) (diamonds).
While no film disintegration for (LTB/PAA 7.0) multilayers is detectable after 20 hours of
annealing at AT = 5 'C (seen in Fig. 5-16, labeled there as (PD27-PP127-PD27/PAA 7.0)),
further undercooling of (LTB/PAA 7.0) to AT = 10 'C causes measureable film loss within 180
mins, as shown in Figure 5-19.
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Figure 5-19. Variation of the fraction of (LTB/PAA 7.0) film remaining, Tf, with time of
annealing in pH 7 adjusted DI water at AT = 10 *C.
In summary of results presented this section, the time dependent film disintegration of
temperature responsive block copolymer containing thin film multilayers can be controlled by
the block copolymer architecture, solution pH, salt concentration and degree of undercooling, AT.
As a whole, the temperature responsive block copolymer containing thin film multilayers
demonstrate a wide range of tunable disintegration behavior that give them useful potential as
customizable controlled release systems.
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5.5 Conclusions
In this Chapter, several applications of temperature responsive micelle multilayers were
investigated. The key experimental data presented in this Chapter serves as a proof of principle
for further pursuit of potential applications possible. In Section 5.4.1, the opportunity to apply
these multilayers to temperature controlled membrane gating was demonstrated. In Section 5.4.2,
using a sacrificial template based method, the ability to create unique freestanding nanostructures
out of temperature responsive materials was developed. In Section 5.4.3, the utility of
temperature swellable multilayers for protein entrapment and sustained release was explored.
Finally in 5.4.4, the ability to control film stability by a variety of environmental factors
including pH, salt concentration, temperature and component block copolymer architecture was
demonstrated, showing the potential of such systems to serve as highly customizable release
materials.
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CHAPTER 6: LAYER BY LAYER ASSEMBLY FOR ANTI-
REFLECTION ON THERMOPLASTIC SUBSTRATES
6.1 Abstract
Reflections occur when light passes through interfaces separating media of different optical
density. Coatings able to suppress reflection from lens surfaces are thus needed for proper
function of advanced optical systems. In order to study cosmic rays in outer space, NASA
requires anti-reflection coatings on large poly(methyl methacrylate) (PMMA) Fresnel lenses.
Due to the large size of these lenses and the glass transition of PMMA of - 105C, many
conventional vacuum-based/ high-temperature methods used to create AR coatings cannot be
applied. Here we demonstrate LbL assembly of silica nanoparticles and poly(allyamine
hydrochloride) as an elegant means to create conformal low reflective index coatings for UV
AR on PMMA. We reveal several salient features of LbL nanoparticle assembly in creating
thin sub-90 nm thick coatings. Further, we propose several strategies to increase the robustness
of these highly porous coatings. Interfacial stabilization was pursued using diblock copolymers
of PMMA-PAA, while stabilization within the nanoparticle layer was achieved by chemical
crosslinking. In addition, a novel thermoplasticity based ("sink and etch") technique to create
inverse surface porosity was proposed and demonstrated. Enhanced mechanical stability of
functional surface features, which allowed them to withstand typical lens cleaning procedures,
was achieved using dehydration crosslinking or the "sink and etch" approach. The mechanical
stability conferred by post LbL treatments made them amenable to industrial applications, not
possible for as assembled (aa) coatings due to the inherent weakness of highly porous aa
nanoparticle layers. In addition, using cross-sectional SEM imaging, we show that the LbL
assembled AR coatings can be applied conformally to Fresnel lenses with 150 gm saw-toothed
edges.
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6.2 Introduction
While Chapters 2 - 4 have focused on the use of LbL assembly to create temperature
responsive thin film hydrogel coatings, LbL assembly is a highly versatile surface
modification technique that can be applied to a wide variety of technological challenges, as
described in Chapter 1 (Section 1.6). This Chapter demonstrates how the use of a different
assembly component, inorganic nanoparticles, as opposed to responsive block copolymer
micelles, can create conformal coatings of uniquely different functionality.
Anti reflection (AR) coatings that prevent reflection of specific wavelengths are needed for a
wide range of applications. For light collection and imaging, light needs to be passed
through a series of lenses, that present multiple interfaces at which light is loss from
reflections. For uncoated optics made of glass or plastics, 4-5% of light is loss by reflection
at each interface. In addition to light loss, reflected light within optical setups can result in
optical artifacts such as halos or ghost images. As such, AR coatings are essential to
advanced optical systems like microscopes, cameras and telescopes, and various theoretical
approaches to the optical design of AR coatings have been developed and refined since
1-41936 - . One of the aims in a NASA international space station initiative was to have a large
cosmic camera collect and study cosmic ray showers of UV wavelengths between 300-400
nm. To effectively gather this range of UV light, an AR coating suitable for large plastic
optics is required. The targeted optics are Fresnel lenses (2.5 m in diameter) and made
polymethyl methacrylate (PMMA) material that has a relatively low glass transition
temperature (Tg) of 105 C. A facile, low temperature (< 105 0C), low-cost process to enable
the creation of large-scaled, conformal AR coatings on the Fresnel lenses with preformed
saw-tooth type surface structures thus needed to be developed.
Based on the principles of destructive interference, several theoretical algorithms able to
reduce reflections from interfaces have been described -6. Broadly, AR designs commonly used
include: single refractive index coatings with tailored quarter wavelength optical thickness for
narrow bandwidth AR4'6 , multi-stack designs with alternating high and low refractive index
layers5 7 or graded index designs8 for broad-band anti reflection4 5 . In this Chapter we will
make use of the single layer design. To suppress reflection at a single wavelength (X0), the
ideal single layer AR coating is one with homogeneous refractive index: nc = (nin2 )112 (where
nc, ni, and n2 are the refractive indices of the coating, the substrate, and its surrounding media
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respectively), and of quarter-wavelength optical thickness: de, where nede = X1/4.4,6 if AR is
desired over a spectral region between wavelengths Xi and X2, the reference wavelength Xo is
given by Xo = 2k1k 2/ (X1 + X2 ).3,4,6 Following from this relation, to create an AR coating for 300
nm to 400 nm on PMMA (n=1.49) substrates, a coating of index 1.22 and thickness 70.3nm is
required.
To date, low refractive index (RI) materials MgF 2 (n = 1.40 at 248nm)9" 0, CaF2 (n = 1.47 at
248nm)1O and fused silica have been used to coat KrF laser windows as well as
photolithographic elements for AR in the deep UV wavelengths of 193 to 248 nm10-2
Unfortunately these materials can often only be deposited as molecularly thin and smooth
layers by high vacuum methods like electron beam evaporation '3, molecular beam
deposition" or chemical vapor deposition 14 . Due to the lower substrate RI of PMMA as
compared to KrF laser windows, the RI of available bulk materials are higher than our desired
12optimal index of 1.22 . In order to achieve an effective single layer AR coating with a lower
RI than component materials of a higher bulk RI, one can use equivalent quarter wavelength
stacks as described in literature4 , or introduce porosity that will lower the effective index of the
15single layer.
Porous AR layers have been successfully created by sol-gel methods 16, layer-by-layer
assembly' 7 and selective etching8. Since the lenses of interest are made of polymeric PMMA,
organic solvents that can dissolve or plasticize PMMA need to be avoided. In addition,
techniques such as colloidal sols19 and sol-gel processes16 that involve heat treatment cannot be
applied to PMMA due to its Tg of 105 0C. The large size of the targeted optic poses an
additional challenge to the AR coating deposition. For example, while the Masuda group has
reported a conformal AR coating on Fresnel lenses using ordered anodic porous alumina 20
their method involved multistep preparation under high vacuum and is cost limiting for large
substrates.
Given the unique constraints of this project posed by the short wavelength AR desired; low
index coating needed; heat and solvent sensitive substrate; micro-structured surfaces to be
coated; and large overall size (2.5m across) of the optic to be coated, electrostatic layer-by-
layer (LbL) deposition surfaced as the most suitable coating approach for this challenge.
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Electrostatic LbL deposition of charged nanoparticles in conjunction with an oppositely
charged polyelectrolyte has proven to be a feasible means to create porous conformal coatings
with nanometer scaled thickness control on a wide variety of substrates . This method
involves deposition from aqueous solution and can be carried out in at room temperature under
environmental conditions. It is thus cheap, environmentally friendly, easy to upscale, and
amenable to PMMA substrates. By creating a layer of loosely packed silica nanoparticles on
the surface of PMMA, LbL assembly can be used to form a layer of suitable optical thickness
or provide a graduated change in refractive index between the PMMA substrate and air. Either
approach can be tuned to provide the desired AR properties. In this chapter the LbL deposition
conditions are explored and optimized to provide high quality AR in the desired UV spectrum.
In addition to optical performance, coatings need to be sufficiently robust to withstand typical
handling and lens cleaning procedures. The high porosity and limited contact points between
nanoparticles of low index coatings make then mechanically weak structures. As such,
improving the mechanical robustness of porous nanoparticle coatings has been a longstanding
challenge that also needs to be addressed. While Gemici et. al.22 has presented hydrothermal
treatment as a means to achieve highly robust nanoparticle coatings, such a technique cannot
be applied to PMMA lenses since the hydrothermal treatment temperature is greater than its Tg.
In this chapter, approaches to mechanically stabilize the porous nanoparticle/polymer AR
coating both at the interface between the substrate and the coating, as well as within the coating
itself are discussed. Notably a diblock copolymer of PMMA and PAA is employed to enhance
adhesion at the coating-substrate interface while dehydration crosslinking between
carboxylated silica nanoparticles and PAA was applied to improve film stability.
In attempts to find hydrothermal annealing conditions possibly amenable to PMMA substrates,
we found that the surface mobility of PMMA was sufficiently high, even at temperatures below
its Tg; heating at 90 *C was sufficient to result in significant surface rearrangement that caused
substrates to turn cloudy. This is not surprising because thermoplastics often exhibit free-
surface suppression of Tg where polymer chains at the free surface have a lower Tg than the
bulk value23 2 4 . This phenomenon was investigated in more detail and utilized in the creation of
robust inversely structured surface nanoporosity.
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6.3 Materials and methods
Materials. Silica nanoparticles Ludox SM-30 (30 wt % Si0 2 suspension in water), Ludox HS-
40 (40 wt % Si0 2 suspension in water), and Ludox TM-40 (40 wt% Si0 2 suspension in water,
average particle size 24 nm), were purchased from Sigma-Aldrich (St. Louis, MO). Zirconium
(IV) oxide (20 wt% ZrO2 suspension in water, average particle size 5 nm) was purchased from
Alfa Aesar. The average size of the nanoparticles was made known by the suppliers. Silica
nanoparticles 50 nm in diameter (denoted simply as "Si02"), product #24040, was purchased
from Polysciences Inc.. and carboxylated 50 nm diameter Silica nanoparticles (denoted "Si02-
COOH) were purchased from Kisker Biotech GmbH & Co.. Poly(allylamine hydrochloride)
(PAH, M, ~ 56,000) and Ethyl alcohol (> 99.9% pure) were purchased from Sigma-Aldrich
and UV transparent 1.5 mm thick PMMA, in sheets, (product # 530090) was purchased from
ThyssenKrupp Materials North America and cut into 3" x 1" pieces.
Layer-by-Layer (LbL) assembly of nanoparticle containing coatings. LbL assembly of all
nanoparticle and nanoparticle/polymer coatings onto PMMA substrates was performed using
an automated StratoSequence VI spin dipper (from nanoStrata), controlled by StratoSmart v6.2
software, with substrates spun at 130-160 rpm as described in detail elsewhere - and in
Chapters 1, 2 and 4. Here, 0.03 wt% nanoparticle solutions were made in DI water and
adjusted to the desired pH with 1M NaOH or IM HCl. pH 9 buffer was used for Si02 (50
nmdiameter cilica nanoparticles and multilayers depositied from Si02 in pH 9 buffer are
denoted (positive component/SiO2(9b)) or (positive component/Si02-COOH(9b)). 10 mM
PAH solution (concentration based on the repeat unit) in DI water was used for LbL
deposition. PMMA substrates were sonicated in 2 vol % Alconox detergent solution for at least
1 hr, rinsed 3 times with excess DI water and then sonicated in DI water for an additional hour
and rinsed another 2 times before use. As opposed to all the previous multilayers discussed in
this thesis, that involve one assembly pH, i.e. the pH of the positive solution, the negative
solution and all rinse solutions were the same, several multilayers made in this chapter involve
deposition from positive and negative solutions of different pH. For these cases, the rinse
solutions of DI water were pH adjusted either to the pH of the positive solution of that of the
negative solution, and arranged as illustrated in Figure 6-MI.
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Figure 6-M1. LbL assembly arrangement of rinse solutions (adjusted to either the pH of the
positive solution or the pH of the negative solution) adopted to minimize pH drift over the
course of LbL assembly when positive species and negative species were deposited from
solutions of different pH.
When pH 9 buffer was used in the case of SiO2 and SiO2-COOH, rinse solutions used were
just unadjusted DI water.
Coating characterization. Reflectivity measurements were performed between 200 and 800
nm using a Varian Cary 500i spectrophotometer. Spectroscopic ellipsometry (M2000-D, J. A.
Woollam Co.) was used to determine the refractive index and thickness of the coatings. Results
were collected from 300 to 900 nm at a 700 angle of incidence. The morphology coating
surfaces was investigated with atomic force microscopy (AFM) by using a Nanoscope IV,
Dimension 3000 AFM microscope (Digital Instruments, Santa Barbara) in tapping mode in air.
Mechanical testing: ethanol wipe cleaning procedure. This wiping method used is a typical
PMMA optic lens cleaning procedure: a folded lint free cleaning tissue (Kimwipe) is saturated
with ethyl alcohol and gently swiped across the optic/substrate in one direction with the optic/
substrate held stationary. Tissues are never reused and a new piece is used for cleaning of
larger areas and for repeating cleaning of the same spot.
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6.4 Results and Discussion
6.4.1 Theoretical design of AR coatings on PMMA for 300-400nm UV wavelengths.
From Fresnels equations 3, optimal reflection suppression over the wavelengths or 300 - 400
nm is expected from a coating of refractive index, ne,=1.22 and coating thickness, de=70.3 nm.
Matlab simulations* were done to determine the AR sensitivity to variations in refractive index
around this value. As seen in Figure 6-1, while a coating of nc=1.22 gives the best AR
performance, coatings with ne between 1.21 and 1.24 (of quarter wavelength optical thickness)
work almost equally well. Coatings of lower or higher indices like 1.19, 1.2 or 1.25 cannot
provide the same level of AR quality, despite having optimized thicknesses. The integrated
area under each curve in Fig. 6-la measures the total percentage of light intensity lost as a
result of reflections in the 300 - 400 nm wavelength regime of interest. As seen Fig. 6-lb the
percentage of light lost steeply increases when the refractive index of the coating departs from
the optimal value of 1.22. The objective of this work was to achieve less than 0.5% reflection
for UV wavelengths between 300 - 400 nm. From the simulations, we found that coatings of
refractive index between 1.21 and 1.23 were needed to satisfy this requirement.
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Figure 6-1. Sensitivity of single index coatings to changes in refractive index: (a) reflectance
from single index coatings of various refractive indices; (b) integrated total reflectance (area
under curve) between 300-400nm for coatings of the different refractive indices.
*Computer simulations were done using Matlab® programs composed by previous lab members and details of
the program can be found in the theses of A. J. Nolte and Z. Gemici.
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6.4.2 Creating single layer AR coatings using Layer-by-Layer assembly.
Since most bulk materials have an RI greater than 1.23,o'" the need of a coating with such low
RI is satisfied by the incorporation of porosity. The RI of a porous nanoparticle coating ne can
be estimated by a simple mixing rule17
n= fair - nair + fnanpartice nnanopartide
fx and n, are the volume fraction and refractive index of component x respectively. The index
of the resultant coating is thus determined by the refractive index of the components used in
the assembly, as well as the level of porosity (fair ) incorporated. Varying the deposition pH of
all nanoparticle and polymer/nanoparticle multilayers has been shown to affect the level of
porosity incorporated within these LbL assemblies 28,29.
To obtain a single index coating of appropriate refractive index using LbL assembly, a variety
of UV transparent deposition materials and LbL deposition conditions were explored. A
comprehensive list of coating refractive index and the thickness increment per bilayer of
multilayers deposited from varied combinations of substrate modification, LbL components,
LbL conditions and post assembly treatments can be found in Table C-1 in Appendix C. A
shorter list of Nc and film thickness datat is shown in Table 6-1 to highlight key features of the
nanoparticle multilayers studied for their optical properties.
By studying the assembly of negatively charged silica nanoparticles of different sizes with
either small positively charged nanoparticles of ZrO (-5 nm diameter) or polycationic
poly(allylamine hydrochloride) (PAH), we found the following trends. As shown in Table 6-1,
the RI of nanoparticle coatings decreased with increasing size of the silica nanoparticle
component assembled with the same, small, ZrO component. Nc of the all nanoparticle coatings
decreased from 1.35 to 1.27 when the size of the silica nanoparticles used was increased from 9
nm (SM30) to 24 nm (TM40).
t A useful feature to note in the translation of theory to experiment is that while simulations
search for optimized conditions based on continuous variables, thickness increments in the
case of experimentally accessible nanoparticle multilayer coatings occur in discrete steps as
each nanoparticle has a finite size and per bilayer thickness associated to it.
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Table 6-1. Refractive index and thicknesses of various nanoparticle/nanoparticle and
nanoparticle/polymer components used in LbL assembly of coatings on PMMA.
Thickness of
Multilayer componentsa Ne Thickness per bLt (nm)
20bL film (nm)
SM30(5) & ZrO2(3) 1.35 32 1.6
HS40(4.5) & ZrO2(3) 1.31 120 6.0
TM40(3) & ZrO2(3) 1.27 360 18
SM30(5) & PAH(5) 1.26 200 17
TM40(3) & PAH(4.5) 1.25 207 14
aMultilayer components used, include negative nanoparticles of silica: SM30(5) with average
diameter 9 nm at pH 5; HS40(4.5) with average diameter 15 nm at pH 4.5; and TM40(3) with
average diameter of 24 nm at pH 3. The deposition pH for each nanoparticle was selected to
give them ~ the same zeta potential of -15 mV found to be optimal for LbL assembly. 28
Positively charged species used include ZrO(3): Zirconia nanoparticles of - 5 nm in diameter
at pH 3, and poly(allylamine hydrochloride) (PAH) at pH 5 or pH 4.5.
Alongside the changes in refractive index, the mechanical stability of films was found to
decrease with increasing porosity and decreasing refractive index of these systems. Mechanical
stability is addressed in more detail in Section 6.4.3. A notable observation here is that
assembly with PAH rather than ZrO resulted in coatings with lower RI. Following these
findings, larger 50 nm diameter Silica nanoparticles (henceforth referred to as 'Si02') are
subsequently used in LbL assemblies with PAH to achieve coatings with the desired (lower) RI
of ~1.22. Before moving on the studies done with the larger nanoparticles, it is important to
note that most of the data in both Table 6-1 and Table C-1 were obtained from multilayers of
thicknesses several times the diameter of the component nanoparticles. This was also the case
for prior studies on LbL assembled AR coatings designed to suppress reflection in the visible
spectrum. Here, the shorter UV wavelengths of interest necessitate thinner coatings, the ideal
coating being -70 nm thick. This thin film thickness is of the order of the individual Si02
nanoparticle size of 50 nm. While a 70 nm thick film would correspond to roughly 9 layers of
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SM30 (8 nm particles) stacked on top of one another, a 70 nm thick film would be composed
of less than 2 stacks of 50 nm SiO2 particles. This brings us into a region of nanoparticle LbL
assembly space that has been less explored.
It is important to distinguish the number of bilayers, which refers to the number of deposition
cycles involved in LbL assembly, from the actual number of nanoparticle layers that exist in
the coating. These two often will not correspond to one another. In the first deposition cycle
the number of nanoparticles attached to the substrate surface can be less than that of a close
packed layer of particles. Particles are randomly distributed and often do not completely fill the
substrate surface, as demonstrated in Figure 6-2 and described in more detail by Ostander et.
al.30.
i80nm |300
Onm 100
Figure 6-2. AFM images of (PAH(3)/SiO2(9b)) 1. The height image is shown on the left and
the corresponding phase image, followed by the vertical scale bar is shown on the right. White
scale bars in the images represent 300 nm.
The density of particles deposited at this stage depends strongly on the balance of electrostatic
charge interactions. A more highly charged surface would attract a denser packing of
nanoparticles, while highly charged nanoparticles tend to repel one another and be more
sparsely dispersed on a substrate surface. In this manner the density of nanoparticle packing in
the first few cycles of LbL deposition are highly sensitive to solution pH28 and salt
concentration 29 that influences the range of over which electrostatic interactions act. Addition
of salt for example screens charges and can result in clustering of charge stabilized
nanoparticles31 in solution. Nanoparticles from solutions with added salt can then deposit as
clusters rather than individual particles. Tuning pH and salt concentration in the first few
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bilayers of nanoparticle deposition can thus effectively tune the particle packing density and
hence the effective refractive index of the layer.
As seen in Figure 6-3, upon charge compensation by the layer of PAH deposited
nanoparticles deposited in the first cycle, more nanoparticles are able to fill the spaces
them during the second deposition cycle.
onto the
between
Figure 6-3*. AFM height images of (PAH(6)/SiO2(9b))1 ((a) and (d)), (PAH(6)/SiO2(9b)) 2 ((b)
and (e)) and (PAH(6)/SiO2(9b)) 3 ((c) and (f)). The top row consist of 2 im x 2 gm images
while the bottom row consists of 5 [tm x 5 jim images. Lateral scale bars shown in the bottom
right represent 200 nm in the top row and 500 nm in the bottom row. The height scales for all
images are the same and shown on the top right corner of (c).
Filling of the space between nanoparticles over multiple deposition cycles is reflected by the
increasing RI seen in Fig. 6-4. From Fig. 6-4, we observe that the effective RI of
* AFM images shown in Figure 6-3 were obtained by summer student Yassine Khitass. I thank him for his hard
work and enthusiasm.
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(PAH(6)/SiO 2(9b)) coatings increase with bilayer number over the first 3 deposition cycles.
The inset of Fig. 6-4 demonstrates how the refractive index of a 2 bilayer coating of PAH/SiO2
can be tuned by varying the pH of the PAH deposition solution used for LbL assembly.
1.28
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Figure 6-4. Effective refractive index (RI) of porous silica nanoparticle layers,
(PAH(6)/SiO2(9b)), on PMMA, determined by spectroscopic ellipsometry, as a function of the
number of bilayers (i.e. number of LbL deposition cycles). Inset shows the RI variation for 2
bilayers of Si02(9b) assembled with PAH at different pH.
As predicted from the simulations in Section 6.4.1, the experimentally optimized coating
(PAH(6)/SiO2(9b)) 2 of RI 1.21 and thickness 80 nm proved to provide the desired high quality
reflection suppression between 300 - 400 nm as shown in Figure 6-5. Figure 6-5 shows that
native uncoated PMMA substrates reflect 7 - 8 % of the incident light of wavelengths between
300 - 400 nm. By coating PMMA substrates with 2 bilayers of (PAH(6)/SiO2(9b)), reflection
can be reduced to less than 0.5 % in the 300 - 400 nm region of interest. This coating thus
satisfies the AR quality desired by NASA for its space telescope lens. Since light collection is
was the ultimate goal of reducing reflection, we also examined the transmittance of the native
and coated PMMA substrates.
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Figure 6-5. Reflectance from 1.5 mm thick PMMA samples coated on both sides with
(PAH(6)/SiO2(9b)) 2 (yellow) contrasted with the bare uncoated native PMMA substrate (blue)
over wavelengths of 200 - 800 nm. Reflectance was determined by UV-Vis spectroscopy in
reflectance mode. On the right is a zoom into the reflectance from the coated sample over the
300 - 400 nm wavelength region of interest.
As seen in Figure 6-6, application of our AR coating can significantly increase the amount of
transmitted light from 92% to 98% in the region of interest.
It is important to note that the substrates used in our studies are not of high optical quality. As a
result, incident light is lost through reflection as well as through scattering and absorption
during the passage of light through the PMMA substrate. The percentage of light lost from the
latter processes can be quantified by (100 - A - B) %, where A in the percentage of incident
light transmitted and B is the percentage of incident light reflected. The losses obtained in this
manner are plotted as a function of wavelength in Figure 6-7.
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Figure 6-6. Transmittance of native uncoated PMMA (blue) and PMMA coated with
(PAH(6)/SiO2(9b)) 2 (yellow) determined by UV-Vis spectroscopy in transmission mode.
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Figure 6-7. The wavelength dependent scattering and absorptive losses (100 - Reflectance (%)
- Transmittance (%)) of native (uncoated) PMMA substrates used in our studies.
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Figure 6-7 shows that as much as 8 % of incident light with wavelengths between 300 - 400
nm is lost through scattering and absorption. Scattering losses were likely related to surface
defects that we found present on the substrate surfaces (refer to Appendix D, Figure D-1). As
seen in Fig. 6-7, losses increase drastically at short wavelength (k). This is because losses via
Rayleigh scattering scale as k-4. While little loss occurs for light of longer wavelength (above
400 nm), Rayleigh scattering creates significant loss of transmitted light at shorter wavelengths
between 300 - 400 nm, in the UV region of interest. Losses from molecular absorption become
significant and result in a sharp increase in light loss below 300 nm. Normalizing for the
inherent scattering of the substrates, the passage of 300 - 400 nm light through AR coating
itself can be deduced to cause -2 - 4 % loss in light intensity. This is because the nanoparticles
in the coating (diameter ~ 50 nm) are, themselves, scattering bodies. Since scattering from
particles scale as d , with d being the diameter of the particle, smaller nanoparticles might be
preferred over larger ones to reduce scattering. New methods to create AR coatings of suitably
high porosity with smaller nanoparticles may help reduces these losses. Unfortunately, the
creation of sufficiently porous multilayers using small nanoparticles is a challenge as seen in
Section 6.4.2. For these reasons, thin walled hollow silica nanoparticles were pursued as an
alternative means to achieve tunable low refractive index coatings in collaboration32 . This was
an attempt to create lower index coatings with smaller nanoparticles. While smaller particles
pack more densely, and have lower inter-particle porosity, introduction of porosity within the
nanoparticles can possibly compensate for this and maintain the high porosity at higher particle
packing density. Hollow nanoparticles were shown to provide additional tunable parameters,
expanding the toolset we have available for creating AR coatings with LbL assembly32.
As mentioned previously, a large part of the motivation for using LbL assembly to create UV
AR coatings intended for NASA space lenses was the fact that LbL assembly is known to
create conformal coatings that would be applicable to the grooved surfaces of Fresnel lenses.
Figure 6-8 shows that (PAH(6)/SiO2(9b)) 2coatings optimized for the desired AR properties on
flat substrates can indeed be conformally applied to the saw-toothed (- 150 gm) surface
features of a Fresnel lens. Regions of abrasion damage resulting from the freeze fracture
process reveal parts of the bare substrate surface. High magnification images of the fractured
edge seen in Fig. 6-8d demonstrate conformality of the coating.
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Figure 6-8g. SEM images of a PMMA Fresnel lens coated with (PAH(6)/SiO2(9b)) 3 show
conformal coating by the LbL assembly method. (a) is an overview of the grooved saw-toothed
edged surface of the coated, freeze fractured PMMA Fresnel lens; (b) is an enlarged image of
one of the grooves and (c) is a higher magnification of the boxed region in (b). (d) is a higher
resolution magnified image of the boxed region in (c). The inset in (c) shows a magnified view
of the flat, sloping coated surface of the nanoparticle coated groove.
§ SEM image obtained by collaborator, post doc, Yi Du, in Prof Cohen's Lab, who subsequently took over the
anti-reflection project.
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6.4.3. Improving the mechanical stability of nanoparticle multilayers.
Highly porous nanoparticle coatings suffer from poor mechanical stability. While the low-
index coatings developed in the previous section have excellent AR functionality, they are not
mechanically durable as assembled. Unacceptable loss of AR properties were found to result
when as assembled nanoparticle coatings are gently wiped in typical lens cleaning procedures
(refer to Methods). Although mechanical durability can be imparted to all-silica coatings by
hydrothermal treatment22 at 124 - 134 0C, due the 105 0C glass transition temperature of
PMMA, this procedure cannot be applied here. While hydrothermal treatment at lower
temperatures tolerated by PMMA was investigated, this treatment resulted in densification of
the LbL film and loss of AR properties (refer to Appendix D, Table D-2 for data on changes in
RI and thickness of coatings resulting from hydrothermal treatment). Additionally
hydrothermal treatment, when done at lower temperatures, did not afford observable
improvements in coating robustness.
In order to improve the mechanical robustness of these UV AR coatings, we tried a few
different approaches. The first approach sought to improve interfacial adhesion through surface
functionalization of the PMMA substrates with diblock copolymers of PMMA and PAA. Next
we explored chemical crosslinking as a means to enhance robustness within the coating layer
itself, and finally, we proposed a method that utilizes the thermoplasticity of PMMA to our
advantage in the creation of inverse surface nanoporosity.
6.4.3a Improving interfacial adhesion through surface functionalization with PMMA-PAA.
As described in Chapter 1, Section 1.4 block copolymers exhibit interesting self assembly
behavior driven by differences in chemical affinity of the connected blocks. Here, we utilize
solvent selectivity to drive the adsorption of PMMA-PAA diblock copolymers onto the surface
of PMMA as illustrated in Figure 6-9 (a) and (b). Subsequently, thermal annealing was
employed to allow the surface adsorbed PMMA block to mix and form entanglements with the
PMMA chains of the substrate surface (Fig. 6-9c). In doing so, we hoped to achieve a surface
anchoring layer of block copolymer molecules that would be part entangled in the substrate
and part actively bonded to the nanoparticle coating as shown in Fig. 6-9d.
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Figure 6-9. Schematic illustration of the method developed to modify the PMMA substrate
with an anchoring layer of PMMA-PAA.
Careful attention should be paid to the choice of the solvent used in the deposition step of Fig.
6-9(a-b). While methanol is a good solvent for PMMA and the PMMA-PAA diblock
copolymers, using pure methanol resulted in etching of the PMMA substrate surface and loss
of optical clarity. On the other hand, using a non-solvent for PMMA made dispersion of the
PMMA-PAA block difficult. As such, a mixed solvent system, of 50 % Methanol and 50 % DI
water by volume, was used to allow for dissolution of the PMMA-PAA diblock but not the
PMMA substrate.
Upon surface adsorption, annealing was done in water at 95 "C to provide thermal mobility to
the PMMA chains and allow for integration of the surface adsorbed PMMA block into the
PMMA substrate surface. The annealing was done in water to encourage extension of the water
soluble PAA block out of the PMMA surface while surface mixing of PMMA proceeded. As
shown in Figure 6-10, surface modification with PMMA-PAA results in a surface layer of
hydrophilic PAA that lowers the contact angle of PMMA. Uncoated PMMA has a static
contact angle similar to the advancing contact angle of 73and a receding contact angle of 480.
As shown in Figure 6-10, while a 12 hr deposition time was used here, the equilibrium coating
170
of PMMA-PAA was likely achieved within 2 hrs and a shorter time can be used in the future.
Also the annealing step at 95 *C in water was effective in further reducing both the static and
advancing contact angles of the PMMA coated with PMMA-PAA.
80
70
. 60
0
T 40- - - Static
0 30 N Advancing
0 Receeding
20 ---- Static 2hr95C-DI
10 --- Advancing 2hr95C-DI
0 2 Receeding 2hr95C-DI
0 2 4 6 8 10 12 14
Adsorption time
Figure 6-10. Static (diamonds), advancing (squares) and receding (triangles) contact angles of
water: on uncoated PMMA substrates (points on the y-axis); on PMMA substrates with
PMMA-PAA adsorbed from solutions of 1 mg/ml 50% methanol 50% DI water. Adsorption
was done over 1, 2, 5, and 12 hrs. Contact angles measured before (symbols not connected)
and after 2 hrs annealing in aqueous solution at 95 0C (symbols connected by dotted lines) are
presented. The photograph on the top right shows the BCP modified region of PMMA holding
onto a film of water.
Methylene blue (MB) staining was used to confirm the presence of carboxylic acid groups on
the BCP surface modified PMMA substrates. As shown in Figure 6-11, the surface
modification of PMMA with PMMA-PAA diblocks present carboxylic acid groups on the
PMMA substrate surface. While MB staining of native PMMA was negligible, MB binds to
the carboxylic acid groups of PAA on the BCP coated PMMA. MB staining of the BCP coated
PMMA is reflected by the dip in transmission over the 550 nm region where MB absorbs light.
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Figure 6-11. Transmission spectra of stained native PMMA and BCP coated PMMA (a).
Staining was done by 1.5 hr immersion in 0.1 M methylene blue (MB) solution. Staining and
absorption at 550 nm indicates presence of acid groups. (b) shows a photograph of the
uniformly coated and MB stained vs uncoated, MB stained regions of a PMMA sample. (c)
shows the transmission spectrum before and after vigorous wiping with kimwipes.
Rigorous (not gentle lens cleaning) wiping of the surface with kimwipes did not change the
absorption spectra of the BCP coated regions as seen in Fig. 6-1 1c. This indicated that the
diblock copolymer was strongly anchored into the PMMA substrate.
Despite the successful and robust surface modification with the diblock copolymers, the BCP
coating did not noticeably enhance the mechanical robustness of the nanoparticle layers
subsequently built on the modified interface. This could mean that coating failure was not
dominated by poor interfacial adhesion but occurred through failure within the coating itself.
Further it is possible that using block copolymers with a longer polyelectrolyte block, and in
particular, a PMMA-polycation (rather than polyanionic PAA) could be more effective in
coating stabilization.
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6.4.3b Use of carboxylated Silica nanoparticles and dehydration crossinking of AR coatings
for mechanical stabilization within the multilayer coating.
A simple crosslinking approach was employed to stabilize the LbL assembly. In order to do
this, carboxylated 50 nm Silica nanoparticles were used. The carboxylic acid groups on the
silica nanoparticles can be covalently linked to the amine groups on PAH through the
formation of amide linkages via thermal dehydration at 70 *C in a dry environment for 72 hrs.
As shown in Figure 6-12, due to the different surface chemistry of carboxylated Silica
nanoparticles (SiO2-COOH) as compared to Si02 studied in Section 6.4.2, (PAH(6)/SiO2-
COOH(9b))2 does not have the exact same AR properties as (PAH(6)/SiO2(9b)) 2. In addition
to that, dehydration crosslinking of the as assembled (PAH(6)/SiO2-COOH(9b)) 2 coating at 70
C for 72 hrs, results in a dramatic shift in the AR peak from - 410 nm to less than 200 nm as
seen in Figure 6-12. This is likely to result from film densification during the thermal
dehydration crosslinking process and partial sinking of nanoparticles into the PMMA substrate
surface. The latter phenomena will be discussed further in Section 6.4.3c.
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Figure 6-12. Reflectance from PMMA coated with (PAH(6)/SiO2-COOH(9b)) multilayers
showing the effects of thermal dehydration crosslinking at 70 *C for 72 hrs and the stability of
the films to typical lens cleaning procedures (labeled wiped in the legend).
As seen in Fig. 6-12, using a thicker (PAH(6)/SiO2-COOH (9b)) 3 rather than (PAH(6)/SiO2-
COOH (9b)) 2 coating, the post crosslinking film affords the desired AR properties in the 300 -
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400 nm regime as shown by the red curve. The resistance of various as assembled and
crosslinked coatings to standard lens cleaning procedures (described in the methods section)
was studied by measuring AR performance before and after the cleaning procedure, with
results included in Fig. 6-12. While the AR performance of as assembled films significantly
changed upon simple cleaning, the dehydration crosslinking helped to stabilize the LbL
assembly and allowed coatings to resist changes in AR properties upon cleaning. Although the
AR properties are not perfectly conserved, the shape, width and position of the AR minima is
mostly conserved and satisfies our requirements of < 0.5 % reflection within the 300 - 400 nm
range.
6.4.3c "Sink and Etch": Creating an inverse nanoporous surface layer in PMMA substrates
for robust AR properties. **
In addition to the use of dehydration crosslinking to create robust thin AR coatings for the 300
- 400 nm UV regime on PMMA, a novel method was conceived to create an inverse surface
porous layer. As mentioned above, PMMA's glass transition temperature of 1050C poses
limitations by prohibiting high temperature processing steps. On the other hand, we can utilize
thermoplasticity of PMMA at temperatures near its glass transition temperature to drive
PMMA surface engulfment of the SiO2 nanoparticle coating. Etching away surface embedded
Silica nanoparticles with NaOH can then leave inverse hollow regions once occupied by the
nanoparticles. In this manner, the original low index coating composed of nanoparticles and
porosity between individual nanoparticles on top of the PMMA substrate is now replaced by a
series of holes in the top layer of the PMMA substrate as illustrated in Figure 6-13. As we will
show, such inversely structured porosity composed of a continuous piece of PMMA is
mechanically more stable than as assembled nanoparticle coatings.
* The work presented this section was done in collaboration with Yi Du (Post Doc) and
Lunet E. Luna (undergraduate student). I thank them for their efforts without which this work
would not have been possible.
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Figure 6-13. Illustration of the "sink and etch" approach to surface nanoporosity generation:
(a) shows the as assembled nanoparticle coating, while PMMA wetting of the silica
nanoparticles and the sinking of [PAH(6)/SiO 2(9b)] 2 coating into the PMMA surface with heat
treatment and time is shown from (b) to (d). Etching away the silica nanoparticles at different
stages results in nanoporous PMMA surface layers with different morphologies ((e) to (f)).
As shown experimentally in Figure 6-14, the silica nanoparticles of the LbL assembled coating
can be thermally driven into the surface of the PMMA substrate. The morphological evolution
with annealing time at 90 0C seen in Fig. 6-14b and Fig. 6-14c, correspond to the schematic
representations in Figs. 6-13c and 6-13d respectively.
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Figure 6-14. (PAH(6)/SiO2(9b)) 2 (a) as assembled, (b) after annealing for 1 hr at 90 C and (c)
after annealing for 2 hrs at 90 "C. The images on the left are height images while the images on
the right are corresponding phase images. Vertical scale bars are shown to the right of each
row. Scale bars in the bottom right corner of images represent 100 nm.
Upon etching with NaOH, the surface embedded silica nanoparticles can be removed to create
inverse hollow surface features as depicted in Fig. 6-13 (e) and (f) and experimentally revealed
in Figure 6-15.
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Figure 6-15. AFM height images of NaOH etched (PAH(6)/SiO2(9b)) 2 on PMMA, (a)
annealed at 90 "C for 1 hr (b) annealed at 70 *C for 5 hr (c) annealed at 80 C for 5 hr, (d)
annealed at 100 *C for 5 hr and (e) annealed at 140 C for 1 hr. (f) is the phase image
corresponding to (e). Scale bars at the bottom right of each image represent 300 nm and the
vertical scales of images are shown on the right of each row. The small images on the right of
each row are (3D) magnified images of the corresponding films in the left most column. These
are included to offer a different view of the morphologies.
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In accordance with the theory of time temperature superposition, we see that the extent of
nanoparticle surface engulfment can be tuned by adjusting the temperature and time allowed
for the annealing process. While some degree of sinking is observed upon annealing at 90 0C
for 1 hr (Fig. 6-15a), annealing at a lower temperature of 70 C for a longer time of 5 hrs
(Fig. 6-15b) or 80 0C for 5 hrs (Fig. 6-15c) are alternatives for generating surface
nanoporosity of different topography. Conversely, annealing can be done at higher
temperatures (140 C, 1 hr) in the same amount of time as that in Fig. 6-15a (90 C, 1 hr) to
achieve a much greater degree of nanoparticle engulfment, as shown in Fig 6-15(e and f). In
general, the degree of nanoparticle sinking and engulfment increases with increasing
annealing temperature when the annealing time is held constant. This is seen in the
progression from Fig. 6-15 (b to c to d) and by comparing Fig 6-15a to Fig. 6-15f. It is
interesting to note that the increased PMMA chain mobility at higher annealing temperatures
around and above Tg, results in rather unique structures upon removal of silica. Apart from
temperature effects on chain mobility, it is possible that the wetting of silica particles by
PMMA is also influenced by temperature. At higher temperatures (e.g. 140 "C), highly
mobile surface chains of PMMA could move further upward to wet the silica nanoparticle
surfaces more, before the nanoparticles sink into the original PMMA surface. This can
possibly explain the empty shell-type morphologies seen in Figures 6-15e and 6-15f.
Samples heated at 140 0C for 1 hr and etched with 5 M NaOH were found to best preserve
the AR properties of the original silica nanoparticle coatings. Figure 6-16 shows the
reflectivity evolution through the various "sink and etch" processing steps. First, the bare
PMMA substrate with - 7% reflectance is shown as the curve labeled 'pristine'. The
reflectance of coated PMMA with an as assembled nanoparticle coating is shown by curve
'aa'. AR properties of this sample arise from the coating of silica nanoparticles that present a
low refractive index via inter-particle air spaces. The curve 'hed' shows the reflectance from
coated samples after heat treatment. When the coated samples are heated and silica
nanoparticles sink into the PMMA surface, the preexisting porosity from inter-particle space
that provides the low refractive index layer required for AR properties is lost. After NaOH is
used to etch away the surface embedded silica nanoparticles, nanoporosity is regenerated in
the surface layer of PMMA and AR properties are restored as seen from the excellent AR
performance of the coated, heated and etched sample (curve labeled 'hed').
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Figure 6-16. Reflectance from uncoated PMMA substrates (denoted 'pristine'), PMMA coated
with as assembled (PAH(6)/SiO2(9b)) 2  (denoted 'aa'), PMMA coated with
(PAH(6)/SiO2(9b)) 2 and heated at 140 C for 1 hr (denoted 'heated') and PMMA coated with
(PAH(6)/SiO2(9b)) 2 and heated at 140 'C for 1 hr and etched in 5 M NaOH for 2 days
(denoted 'hed').
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Figure 6-17. Reflectance from PMMA coated with as assembled (PAH(6)/SiO2(9b)) 2 (aa),
PMMA coated with (PAH(6)/SiO2(9b)) 2 and heated at 140 'C for 1 hr and etched in 5 M
NaOH for 2 days (hed) and the reflectance of each sample after wiping once and after wiping
five times. Curves are labeled in the legend.
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Both the as assembled polymer/nanoparticle LbL assembly ('aa') and the surface nanoporous
layer generated by the post LbL assembly "sink and etch" procedure offer surface nanoporosity
that can provide excellent AR properties, with reflection reduction to < 0.5 % across the
targeted 300 - 400 nm wavelength region.
The "sink and etch" procedure replaces the original low RI nanoparticle coating (illustrated
in Fig. 6-13a) with a series of holes in the surface layer of PMMA (illustrated in Figure 6-
13g). This presents inversely structured porosity composed of a single, continuous piece of
PMMA. As demonstrated in Figure 6-17, the resultant nanoporous surface layer of inverse
structure offers greater mechanical stability. While a typical lens cleaning procedure
(described in the Experimental Section) disturbs the as assembled nanoparticle coating after
the first wipe and significantly disrupts the AR coating after 5 rounds of wiping, the inverse
porous surface retains its AR properties upon multiple cleaning cycles.
6.5 Conclusions
In conclusion, we have shown that LbL assembly of 50 nm Silica nanoparticles and PAH is a
facile means to create low index thin (- 80 nm) conformal coatings on PMMA. We presented
the theoretical framework for the optical design of an AR coating required specifically for
transmission of 300 - 400 nm light. Subsequently, we showed that through the choice of
component nanoparticles and deposition conditions, we can achieve high AR performance of <
0.5 % reflection across the 300 - 400 nm wavelength regime of interest. In addition, we
explored several methods that could potentially increase the robustness of as assembled porous
nanoparticle coatings. We explored (1) improving interfacial adhesion of the coating through
deposition and integration of an anchoring block copolymer layer, (2) crosslinking of
carboxylic acid surface functionalized silica nanoparticles with PAH to enhance cohesion
within the multilayers, and (3) a novel thermoplasticity enabled process that involves sinking
of the nanoparticle coating into the PMMA substrate surface, followed etching away of
embedded nanoparticles to create a robust, porous, anti-reflective surface layer, continuous
with the PMMA substrate itself. Tested with standard lens cleaning procedures, both the
dehydration crosslinking with carboxylated silica nanoparticles and the "sink and etch"
approach proved effective in enhancing AR coating stability.
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CHAPTER 7: CONCLUSIONS
7.1 Summary of thesis contributions
The studies presented in this thesis have demonstrated that Layer-by-Layer (LbL) assembly of
block copolymers can be used as a facile technique to create temperature responsive thin film
hydrogel materials. Previous attempts to create temperature driven, large scale, and reversible
swelling transitions using LbL assembly of temperature responsive polymers documented in
literature proved unsuccessful. Little was known about why temperature responsive polymers,
upon incorporation into the multilayer thin films could not drive the same volume phase
transitions they exhibit when free in solution. Through systematic studies presented in Chapter 2,
we developed a deeper understanding of how key factors, namely the multilayer crosslinking
density and ionic crosslink strength have a deterministic effect on whether final multilayer
assemblies can function as responsive hydrogels. From Chapter 2, we understand that using a
strong polyelectrolyte like PSS tends to generate tightly crosslinked multilayer assemblies that
cannot swell in response to low temperature. The use of PSS for multilayer assembly of
temperature responsive polymers is likely to be the reason behind the limited swelling ability
previously reported by other groups.1 Furthermore, we showed that large scale reversible
swelling responses could be achieved by LbL assembly of temperature responsive PDMAEMA-
PPO-PDMAEMA triblock copolymers with weak polyacid PAA. In Chapter 3 we synthesized
various block copolymers (BCPs) in order to systematically study the effect of block copolymer
architecture on the swelling transitions of temperature responsive multilayers of BCP micelles
and PAA, as was presented in Chapter 4. From the work in Chapter 4 we learn that block
copolymer connectivity in triblock copolymers of PDMAEMA-PPO-PDMAEMA is critical in
sustaining the multilayer networks at low temperature. This is important if reversible swelling is
desired. While multilayers made of diblock copolymers disintegrate at low temperature, triblock
copolymer multilayers exhibit a wide range of reversible swelling behavior. In addition, PPO
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block length is a tunable factor that can be used to customize the film swelling transition
temperature.
In Chapter 5, we look into various applications of temperature responsive multilayers developed
in Chapters 2 and 4. We first demonstrated that conformal coatings of the temperature responsive
multilayers developed in this thesis could be used to actively gate membranes pores. In Section
5.4.1, we demonstrated temperature control of transmembrane fluid flux by the reversible closing
and opening of membrane pores brought about by temperature driven swelling and deswelling of
the multilayer coatings. The ability to conformally coat the interior of pore walls and
systematically narrow pore openings both during assembly with the number of deposition
bilayers and post assembly with temperature control, offers opportunities to customize
membrane pore size selectivity. In Section 5.4.2, we showed that the LbL method of creating
temperature responsive hydrogel coatings is amenable to sacrificial template based creation of
novel nanostructured entities like nanotube arrays. In Section 5.4.3, the potential utility of our
temperature responsive hydrogels as a protein encapsulation and delivery agent is demonstrated.
Lastly, in Section 5.4.4, the stability of various temperature responsive block copolymer
multilayer systems were studied in detail. In particular, through the choice of block copolymer
architecture, anionic binding partner and LbL assembly conditions, we showed that the
disintegration of these temperature responsive block copolymer-polyelectrolyte multilayer
systems can be customized for triggered release under specific sets of temperature, salt
concentration and pH conditions.
Finally, Chapter 6 demonstrates the versatility of LbL assembly as a facile conformal surface
modification technique posed to solve a truly diverse set of technological challenges. In Chapter
6, we showed how inorganic nanoparticles can be used in LbL assembly to create porous low
refractive index, high quality UV anti-reflective coatings for optical applications. There, key
features of thin porous nanoparticle coating assembly via LbL are discussed, including how
particle size and deposition pH can be used to effectively tune coating porosity, refractive index
and optical thicknesses. In addition, we developed several strategies for the stabilization of
inherently weak systems composed largely of air, In particular, a novel means to generate stable
'inverse' surface nanoporosity in thermoplastic materials was developed.
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7.2 Recommendations for future studies
LbL assembly of temperature responsive thin film hydrogels made possible by the knowledge
gained in Chapters 2 to 4 of this thesis opens up a variety of application possibilities, only a few
of which were touched upon in Chapter 5. While Chapter 5 itself lay some foundational
groundwork for further pursuit of the applications outlined within, these systems are potentially
useful other a host of other applications including temperature controlled surface wettability and
thermo-mechanical actuation.
Further, while work in this thesis was directed toward understanding and enabling the use of LbL
assembly to create temperature responsive hydrogels, for the application of these systems as
permanent surface coatings, or for their application in high salt buffers, their stability needs to be
improved further. Functionalization of PAA side groups and end-functionalization of the
PDMAEMA triblock copolymers with complimentary click chemistry groups would be a viable
way to create stable covalent crosslinks in the network that would allow these systems to
function as permanently stable, responsive gels.
In addition, the knowledge gained in Chapter 4 can be used to direct improved molecular level
designs for better temperature responsive systems. For instance, star block copolymers with
temperature responsive core blocks and weak polyelectrolyte end blocks are possibly even better
architectures (compared to triblock copolymers) for creating responsive hydrogels with robust,
creep-free, reversible swelling transitions.
On a separate note, while the focus in this thesis has been on the temperature response of these
assemblies in aqueous media, it is useful to bring attention to the fact that these micelle
containing multilayers offer unique nano-compartmentalization of chemical function (as depicted
in Fig. 5-10). This could make them be useful materials for catalytic sequesteration, inorganic
templating, and nano-pattem generation.
Moving on, while nanoporous coatings were studied in Chapter 6 for specific application to short
wavelength UV anti-reflection (AR) motivated by NASA's space project, it is important to note
that the final "sink and etch" technique developed has possible applications beyond that of AR.
LbL assembly followed by the "sink and etch" technique presents a facile, robust route to
creating conformal surface nanoporosity that is often difficult to achieve. The high surface area
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offered by surface nanoporosity is important in catalysis 3, chemical adsorption4 , sequestration
and control of bioavailability, cell interfacing 67, and sensing 8'9. As such, application of this
technique to surface modification of PMMA based microfluidic sensor devices and biomedical
implants or devices would be well worth exploring.
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APPENDIX A: Studies of PDMAEMA and PPO
containing BCPs in solution
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Figure A-1. Heat flow as a function of temperature during representative heating (a) and cooling
(b) cycles of 3.3 mg/ml PD-PP-PD solution in DI adjusted to pH 7.
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Figure A-2. Absorbance, of PD-PP-PD solutions with 0.004 mM DPH, at 356 nm as a function
of solution temperature for 1 mg/ml PD-PP-PD solutions adjusted to different pH. Included is a
control of DI water adjusted to pH 7 and a dilute 0.1 mg/ml polymer solution adjusted to pH 7.
(0.1 mg/ml is the concentration used for multilayer deposition.) Lines illustrate the procedure
used to determine the CMT.
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Figure A-5. Temperature dependent evolution of effective hydrodynamic diameter of 0.1 mg/mi
BCP solutions at pH 7, obtained from dynamic light scattering.
Figure A-6. Cryogenic scanning electron microscopy images of 0.1 mg/ml, pH 7 DB solution
upon over sublimation and removal of too much water which results in heaping together of
micelles.
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Figure A-7. Cryo-SEM images of freeze fractured surfaces of flash frozen STB BCP solutions,
concentration 2 mg/ml and adjusted to pH 7, taken after sublimation to expose BCP structure.
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Figure A-8. Cryo-SEM images of freeze fractured surfaces of flash frozen LTB BCP solutions,
concentration 2 mg/ml and adjusted to pH 7, taken after sublimation to expose BCP structure.
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Figure A-9. Cryo-SEM images of freeze fractured surfaces of flash frozen DB BCP solutions,
concentration 2 mg/ml and adjusted to pH 7, taken after sublimation to expose BCP structure.
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Figure A-10. Cryo-SEM images of freeze fractured LTB BCP solutions, concentration 5 mg/mi adjusted to pH 7.
Figure A-11. Cryo-SEM images of freeze fractured surfaces of flash frozen DB BCP solutions at 2 mg/ml
concentration with 0.2 M of NaCl added and adjusted to pH 7, taken after sublimation to expose BCP structure.
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Figure A-12. Variation of 0.004 mM DPH fluorescence (X =350 nm, Xem = 457 nm) with BCP
concentration, determined after allowing 5h for DPH solubilization. Lines illustrate the
procedure used to determine the critical micelle concentration at 22 C.
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APPENDIX B: Morphology of BCP multilayers;
additional AFM insights
Figure B-1. AFM of PD-PP-PD assembled with PAA or PSS at pH 4 or pH 7 after the 1st
bilayer deposition reveal different initial film growth mechanisms. Confluent films are
formed for assembly with both PAA or PSS at pH 7 but assembly at pH 4 shows the
tendency for blob formation on the surface, more toward island type growth (though it is
likely that the areas between the 'blobs' are not bare silicon, especially in the case of PD-PP-
PD/PSS).
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Figure B-2. The morphological evolution of PD-PP-PD/PAA multilayers assembled at pH 4;
AFM images of 1, 2, 5, 10 and 15 bilayer films, reveal an island growth mechanism of initial
film formation during LbL assembly, where islands nucleate, grow and merge to form a
conformal film during the first 15 bilayer deposition cycles.
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Figure B-3. AFM tapping mode images of dry (PD-PP-PD/PAA 4.0)15 shows fully conformal
films are formed after 15 bilayers of deposition. PP-PD-PP in pH 4, 0.1mg/ml solutions used for
LbL assembly exist in a unimeric state as opposed to micelles at pH 7. The dry film surface
morphology of multilayers of PP-PD-PP assembled with PAA at pH 4 are starkly different from
films assembled from the same constituents at pH 7 seen in Figure B.3.
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Figure B-4. AFM tapping mode images of dry (PD-PP-PD/PAA 7.0)15 reveals interesting
dimpled structures that originate from micelle deposition.
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Figure B-5. AFM tapping mode images of dry (PD-PP-PD/PSS 7.0)10 shows that the dry film
surface morphology of multilayers of PP-PD-PP assembled with PSS at pH 7 also show
evidence of dimple-type structure but have a different (more granular) surface as compared to
PP-PD-PP assembled with PAA at the same pH of 7.
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Figure B-6. AFM tapping mode images of dry (PD-PP-PD/PSS 4.0)2 shows rather unique the
dry film surface morphology. It is interesting to recall from Chapter 1 that (PD-PP-PD/PSS 4.0)
grows extremely slowly with less than 30 nm of film formed after 60 bilayer deposition cycles,
the morphology shown here of a 2 bilayer film does not vary much from that of a 60 bilayer one.
An image of a 41 bilayer film is shown in Figure B.7.
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Figure B-7. AFM tapping mode images of dry (PD-PP-PD/PSS 4.0)41
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Figure B-8. AFM tapping mode images of dry (PD-PP-PD/PAA)1 assembled from PBS buffer.
While the addition of salt to solutions of amphiphilic BCP solutions could change the solution
morphology of aggregates, e.g. transitions from spherical to rod or worm-like micelles, such
effects were not reflected in the dry film morphology of PD-PP-PD assembled with PAA from
pH 7 PBS buffer solutions. Interestingly, these films assembled from buffer solutions resemble
(PD-PP-PD/PSS 7.0) more than (PD-PP-PD/PAA 7.0). It is unknown what exact individual and
combined effects PBS buffer has on BCP solution morphology, PAA solution configuration as
well as the ionic associations within the film. A combination of these effects is likely the cause
for morphological differences in the final film formed.
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Figure B-9. Effect of assembly pH on PD-PP-PD/PAA surface morphology.AFM images of PD-PP-PD/PAA assembled at pH 4, pH 6, pH 7 and pH
8.
..... ... . .................. .....  ............  ........ 
Figure B-10. (PD-PP-PD/PAA 7.0)9 assembled at room temperature dried at (a) 6 *C (b) 24 "C
and (c) 40 *C. The films were transferred in the wet state (covered with a film of water from the
last rinse preventing drying before film equilibration at each temperature) transferred to a petri
dish in the fridge (6 *C) or an oven at 40 *C, or left to dry as usual at room temperature. At 6 *C
water becomes a good solvent for PPO. As seen in (a) the morphology of the films dried from a
state where the PPO micelle cores are expanded results in a more open 'holey' structure than
that resulting from films dried at 24 or 40 *C where water is a poor solvent for PPO.
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Figure B-11. AFM tapping mode images of dry (PD-PP-PD/PAA 7.0)16 multilayer films before
((a) and (c)) and after more than 5 swelling and deswelling cycles between 6 and 20 0C in DI
water adjusted to pH 7. Images (a) and (b) are 500 nm X 500 nm while (c) and (d) are 1 pm X 1
gm. Images show evidence of film smoothing upon repeated swelling deswelling cycles apart
from which films remain relatively intact and unchanged. It is interested as large scaled
swelling and deswelling in typical hydrogels tend to result in surface 'wrinkling' due to
instabilities that originate from the large volume changes and lateral constraints imposed by
adhesion to the substrate below the film. This could be an interesting result of the
nanostructured character where swelling is confined to localized nano-scaled domains of the
micelle cores, interspersed with a continuous ionically linked domain that is pliable but does not
swell more at low temperature.
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Figure B-12. AFM 5 [im x 5 ptm height image (a) and corresponding phase image (b) of a dried
DB/PAA multilayer post swelling in pH 7 DI water for 30 mins at 6 *C. White scale bars on the
bottom right of each image represent 250 nm and the height and phase scales are shown on the
right. An optical micrograph (c) is included to provide a large scale overview.
As seen in Figure B-11, massive reconstruction throughout the originally 200 nm thick flat film
occur when (DB/PAA 7.0) multilayers are exposed to 6 C for 30 min. Optical images like Fig.
B-1 1.c, show exposed parts of the underlying silicon wafer and other regions where height
variation of over 400 nm can be observed by AFM (Fig. 7a). This is indicative that film loss is
bulk disintegration process whereby continuous uptake of water into P domains resulted in the
opening of voids that merge and tear the PEM apart.
210
Figure B-13. 1 gm x 1 pm (a) and 3 gm x 3 jm (b) atomic force microscope (AFM) images of
dried (DB/PAA 7.0)35 after 2 min swelling (T = 6 *C) and deswelling (T = 20 'C) cycles in pH 7
DI water. The left column consists of height images while the right column consists of phase
images. This image reveals the beginning of instability and defect formation in the diblock
copolymer multilayers when cycled at AT = 9 0C as opposed to reversible cycling at AT = 6 0C
as seen in Chapter 4 Fig. 4-8.
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APPENDIX C: Additional data related to LbL assembly
for AR coatings on PMMA
Table C-1. List of refractive index, thickness and thickness/bilayers (bL) values of a variety of
LbL coatings deposited on unmodified and modified PMMA substrate surfaces.
Multilayer Substrate N Thickness Thickness/bL
components modification (nm) (nm)
TM40(3) PAH(4.5)
TM40(3) PAH(4.5)
SM30(5) PAH(5)
SM30(5) PAH(5)
HS40(4.5) PAH(4.5)
HS40(4.5) PAH(4.5)
PAA(3) ZrO(3)
PAA(3) ZrO(3)
none
bcp coated
none
bcp coated
none
bcp coated
none
-NH 3 PMMA
PAA(3) Apsilica* (3) none 1.531 25.2 2.5
PAA(3) Apsilica(3) on bcp 1.558 18 1.8
SPS(3) Apsilica(3) none 1.328 41.4 4.1
SPS(3) Apsilica(3) -NH 3 PMMA 1.318 32.8 3.3
Apsilica is an abbreviation for amine functionalized, hence positively charged silica
nanoparticles.
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1.252
1.252
1.262
1.261
1.262
1.261
1.554
1.529
207.2
223.2
199.9
216.2
198.3
216.2
37.4
49.4
13.8
14.9
16.7
18.0
16.5
18.0
1.9
2.5
Figure C-1. AFM height images of uncoated PMMA substrate surfaces showing nanometer to
micron scaled surface defects like potholes and scratches that can scatter light incident on these
substrates.
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Table C-2. List of refractive index and thickness values of a variety of LbL coatings before and
after hydrothermal treatment (htd) at 90 0C in saturated water vapor for 4 hours.
Multilayer Treatment Nc Thickness % change % change
components in Ne in thickness
TM40(3) PAH(4.5) none 1.252 207.2
+7.5 -22.3
TM40(3) PAH(4.5) htd 1.346 160.9
HS40(4.5) PAH(4.5) none 1.257 131.4
+9.7 -21.4
HS40(4.5) PAH(4.5) htd 1.379 103.2
HS40(4.5) PDAC(4.5) none 1.266 101.3
+10.9 -41.4
HS40(4.5) PDAC(4.5) htd 1.404 59.3
HS40(4.5) PDAC(4.5) none 1.263 159.2
+7.4 -20.3
HS40(4.5) PDAC(4.5) htd 1.356 127.0
SM30(5) ZrO(3) on glass 1.351 41.3
+5.3 -9.1
SM30(5) ZrO(3) on glass htd 1.423 37.5
HS40(4.5) ZrO(3) none 1.300 143.7
+7.0 -10.9
HS40(4.5) ZrO(3) htd 1.392 128.0
TM40(3) ZrO(3) none 1.266 77.4 +14.9 -39.7
TM40(3) ZrO(3) Htd 1.454 46.7
+10.6 -60.4
TM40(3) ZrO(3) htd 1.400 30.7
TM40(3) ZrO(3) none 1.264 425.9
+0.9 -2.6
TM40(3) ZrO(3) htd 1.275 415.0
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APPENDIX D: Hierarchical Assembly of Viral
Nanotemplates with Encoded Microparticles via Nucleic Acid
Hybridization
This appendix is reproduced in part with permission from Wui Siew Tan'', Christina L. Lewis2,t ,
Nicholas E. Horelik2, Daniel C. Pregibon', Patrick S. Doyle'* , and Hyunmin Yi2',, Langmuir, 24,
12483-12488, 2008. Copyright 2008 American Chemical Society.
'Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139
2Department of Chemical and Biological Engineering, Tufts University, Medford, MA 02155
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While the research discussed in chapters 2 to 5 of this thesis centered around thin film conformal
coatings of responsive hydrogels, my interest and first work on hydrogel materials started with micron
sized covalently crosslinked poly(ethylene glycol) colloidal particles. This work was done in the time
(between 2006 and 2008) that I spent in Prof Patrick S. Doyle's laboratory in the Dept of Chemical
Engineering at MIT. Stop flow lithography (SFL) is a fascinating microfluidic method of producing 3D-
hydrogel particles of unique shape and functionality as will be apparent in the work that follows.
This work was done in collaboration with Christina L. Lewis and Prof. Hyunmin Yi from Tufts
University. I thank Prof Doyle for the opportunity to work on this interesting project in his lab and also
thank Daniel C. Pregibon, native SFL expert from the Doyle lab for showing me the ropes.
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Abstract
We demonstrate hierarchical assembly of Tobacco Mosaic Virus (TMV) based nanotemplates
with hydrogel based encoded microparticles via nucleic acid hybridization. TMV nanotemplates
possess a highly defined structure and a genetically engineered high density thiol functionality. The
encoded microparticles are produced in a high throughput microfluidic device via stop-flow lithography
(SFL), and consist of spatially discrete regions containing encoded identity information, an internal
control, and capture DNAs. For the hybridization based assembly, partially disassembled TMVs were
programmed with linker DNAs that contain sequences complementary to both the virus 5'end and a
selected capture DNA. Fluorescence microscopy, atomic force microscopy (AFM), and confocal
microscopy results clearly indicate facile assembly of TMV nanotemplates onto microparticles with
high spatial and sequence selectivity. We anticipate that our hybridization based assembly strategy
could be employed to create multifunctional viral-synthetic hybrid materials in a rapid and high-
throughput manner. Additionally, we believe that these viral-synthetic hybrid microparticles may find
broad applications in high capacity, multiplexed target sensing.
Introduction
Structurally and chemically complex hybrid materials are needed for high end applications in
renewable energy, electronics, computing, diagnostics, medicine and analytical chemistry -6. To create
materials with properties that transcend those of individual components, hierarchical assembly of units
tailored across nanometer and micrometer length scales is highly desired7 . Methods used to synthesize
hierarchically assembled materials include direct or synergistic templating, self-assembly,
photochemical patterning, electrodeposition, microcontact printing, and nanolithographic techniques7-9.
These methods often involve a series of complex steps or have limited ability in controlling spatial
resolution while maintaining full integrity of the individual components. Therefore, a facile method for
hierarchically assembling hybrid materials under mild conditions in a selective manner is needed.
1-8Recently, viruses have gained substantial attention as nanoscale templates for material synthesis'" .
They are structurally well defined, monodisperse, robust, nanoscaled units that have proven to be
versatile substrates for the creation of novel materials by coupling to synthetic chemistry or genetic
manipulation12 , 9 25 . Site directed mutagenesis on viruses enables surface display of amino acids, which
may be coupled to downstream chemical conjugation or used for direct display of peptides like
antibodies or enzymes in well defined spatial arrangements on the nanometer scale 26 -28 . Tobacco
Mosaic Virus (TMV) offers an attractive nanotemplate that provides high density covalent coupling
sites with precise nanometer scale spacing. As shown in the Atomic Force Microscopy (AFM) image of
Figure D-1(b), a wild type TMV virion consists of approximately 2130 identical coat proteins helically
wrapped around a 6.4 kb positive strand of genomic mRNA, making it an 18nm diameter and 300 nm
long rigid nanotube with a 4nm diameter inner channel29. Particularly, TMV possesses several unique
properties as nanotemplates such as simple mass production 30 , a well defined structure29 ,31-33 , and
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extraordinary stability. For example, TMV has been shown to be stable under various harsh conditions:
temperatures up to 90'C, extreme pHs (2-10) and organic solvents (80% ethanol, methanol, and
DMSO)30,34,3s. Furthermore, the ability to confer surface functionalities via genetic manipulation 36
makes TMV an attractive choice compared to inorganic nanotubes. Due to the reasons mentioned
above, TMV has been successfully exploited in creating a wide range of organic-inorganic hybrid
materials37,38 and has also been applied in functional digital memory devices39 and battery electrodes40.
Patterning the assembly of functionalized TMVs 41 ,42 in a hierarchical manner is imperative to fully
harness TMV's unique potential as a nanotemplate.
We have previously demonstrated continuous fabrication of poly(ethylene glycol) (PEG) based
microparticles with custom designed geometries and tunable chemical anisotropy via stop-flow
lithography (SFL)43. Benefits of the SFL technique include rapid and continuous production of
monodisperse and biocompatible microparticles in a high throughput manner. This simple microfluidic
technique affords the ability to create microparticles consisting of spatially discrete regions containing
encoded identity information and covalently attached capture DNAs. The encoded region may be used
to distinguish the microparticles from one another with over a million different codes available allowing
immense multiplexing capability44. The region containing covalently attached capture DNAs provides
a platform for selectively patterning TMV. Combining the two technologies of TMV nanotemplates
and encoded microparticles to create multifaceted hybrid materials may have significant potential in a
broad range of applications including high throughput sensing.
Here, we demonstrate hierarchical assembly of fluorescein-labeled TMVlcys nanotemplates onto
encoded microparticles, as shown in Figure D-1. As shown in the schematic diagram of Figure D- 1(a),
genetically modified TMVlcys nanotemplates possess one cysteine residue on the outer surface of each
coat protein that serve as covalent coupling sites for fluorescein-maleimide, a fluorescein derivative that
forms a covalent thioether linkage with cysteine's thiol group 41 4 2. These labeled TMVs were then
partially disassembled to expose the 5'end genomic RNA via sucrose gradient ultracentrifugation under
alkaline pH. Since coat protein-RNA interactions are weakest at the 5'end of the viral RNA, mild
alkaline treatments and centrifugation can be used to mimic cellular conditions in order to partially
disassemble the virus and expose the 5'end of its genome 42. Figure D-l(c) shows that these
fluorescently labeled TMVs form a discrete band while unreacted fluorescein dye remains at the top of
the sucrose gradient. Next, these TMVs were programmed via hybridization with linker DNA
consisting of two regions: one complementary to TMV's 5'end RNA and the other complimentary to
the microparticle's capture DNA sequence. This confers the capture DNA sequence-specific assembly
address to the TMV (Table 1).
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Figure D-1. Hierarchical assembly of fluorescein-labeled TMVlcys nanotemplates onto encoded and
capture DNA embedded PEG-based microparticles. (a) Schematic diagram depicting the labeling,
disassembly, and programming of TMVlcys. The TMV models are generated from UCSF Chimera
software (Experimental Section) and represent approximately one tenth of the total TMV virion. The
red dots represent cysteine residues genetically displayed on the outer surface of each coat protein
(-2130 identical proteins per virion), adding precisely spaced thiol functionality for covalent
conjugation of fluorescent markers. Partial disassembly followed by hybridization with linker DNA
confers capture DNA-sequence specific assembly address. (b) Atomic Force Microscopy (AFM)
topographical image of TMVlcys. The yellow bar represents 300nm. (c) Sucrose gradient containing
fluorescently labeled TMVs as a discrete band (boxed) separated from unreacted fluorescein dye at the
top of the sucrose gradient. (d) Brightfield micrograph of encoded microparticles. The yellow bar
represents 50gm. (e) Schematic diagram of stop-flow lithography (SFL) for production of encoded and
DNA embedded microparticles. (f) Formation of nanobio-synthetic hybrid microentities following
hybridization based assembly of TMVs with microparticles.
The PEG based microparticles consisting of the encoded, control, and capture DNA regions were
fabricated in a microfluidic device via SFL, as shown in the schematic diagram of Figure D-l(e). The
regions of different functionality are copolymerized seamlessly within each microparticle by a single
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UV exposure through a photomask with the desired microparticles shape. This photolithography based
microfluidic technique of SFL enables rapid and continuous production of various shaped microparticles
using diacrylate chemistry and patterned UV crosslinking through a photomask containing the desired
microparticle shape. A brightfield micrograph of these microparticles is shown in Figure D-1(d).
Hybridization based assembly of the labeled and programmed TMVs with the encoded microparticles
containing capture DNA creates nanobio-synthetic hybrid microentities, as shown in Figure D-1(f).
Fluorescence microscopy, AFM, and confocal microscopy results clearly illustrate facile assembly of
TMV nanotemplates onto microparticles with high spatial and sequence selectivity. Since proteins and
antibodies can be covalently linked to TMV via its high density thiol surface functionality, we envision
that our facile assembly strategy, that allows the creation of complex functionalized TMV-PEG
structures, can be readily exploited for a variety of biotechnological applications such as high
throughput, multiplexed protein sensing45'46.
Experimental Section
TMV1cys and Fluorescent Labeling. TMVlcys was provided as a generous gift from James Culver,
University of Maryland Biotechnology Institute, Center for Biosystems Research. Purified TMVlcys
was incubated at room temperature for 2h with 10-fold molar excess of fluorescein-5-maleimide
(Biotium, Hayward, CA) in 100mM Tris-buffer, pH 7.0. Fluorescein-labeled virus was separated by
centrifugation in a 10-40% sucrose gradient41,42 at 48,000g for 2h while the pH was adjusted to 8.0 to
partially remove coat protein subunits from the 5'ends of the viral genome. Partially disassembled
virions were pelleted by centrifugation for 40min at 106,000g. Pelleted viruses were resuspended in
5xSSC buffer (75mM sodium citrate, 750mM sodium chloride, pH 7.0).
Microparticle Fabrication. PEG microparticles were synthesized as previously described44.
Briefly, a poly(ethylene glycol) diacrylate (PEG-DA Mn=700, Aldrich) monomer was mixed with 2.5
vol% of 2-Hydroxy-2-methylpropiophenone photoinitiator (Darocure 1173, Aldrich), 33 vol% of TE
buffer (10 mM Tris pH 8.0 (Rockland Immunochemicals, Inc., Gilbertsville, PA), and 1mM EDTA
(OmniPur)) containing 0.01 vol% of 10 wt% sodium dodecyl sulfate (SDS, Invitrogen). This base
monomer mixture was in turn mixed in a 9:1 volume ratio with 1 part of TE solution containing DNA-
Acrydite capture DNAs, blue food dye (to visualize the co-flowing monomer streams using bright-field
microscopy), or Rhodamine B (Polysciences Inc., Warrington, PA). DNA probes (IDT Technologies,
Coralville, IA) were modified with a reactive Acrydite group and an 18-carbon spacer. Three different
capture DNA sequences were used in this study, as shown in Table 1. Final prepolymer mixtures
contained either (a) 50tM DNA-Acrydite capture DNA (Cl, C2 or C3) (b) 1 vol% blue food dye or (c)
0.lmg/ml of Rhodamine B. The prepolymer mixtures were co-flowed through microfluidic PDMS
devices made by traditional soft lithographic methods. Channels were designed with one to three
100pm wide channels that converged into a single 200-400[tm wide channel allowing co-flow of up to
three different monomer streams to create microparticles with up to three distinct regions. The
thickness of each stream was controlled by adjusting the relative pressure on each of the inlet channels,
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which were connected to a pressure source (regulated by a pressure valve, Controlair Inc., Amherst,
NH). Using an inverted Zeiss Axiovert 200 microscope with a 100W HBO mercury lamp and
photomasks inserted in the field-stop position, PEG microparticles were polymerized by 75ms bursts of
wide-excitation ultraviolet (UV) light from a 11000v2 UV filter set (Chroma Technology Corp.,
Rockingham, VT). A computerized stop-polymerize-flow sequence of -sec was cycled to obtain
1000's of microparticles in less than 20mins. The resulting microparticles were 30[tm thick and of
shapes projected from the photomask. Using a 20x optical objective, photomasks were designed to
form the180x90gm encoded microparticles shown in Figure D-l(d). These microparticles (3 types)
were made using three co-flowed streams, shown in Figure D-1(e) with capture DNA Cl, C2, or C3,
each containing a different encoded region. Microparticles were cleaned of unreacted monomer with
three different rinse solutions: TE buffer containing 0.1% Tween 20 surfactant, PEG-DA monomer, and
TE buffer containing 1% Tween 20 surfactant. The rinses were completed with -1 ml of rinse solution,
vortexing, centrifugation, and aspiration of supernatant. Microparticles were stored in TE buffer
containing 1% Tween 20 surfactant at 20'C before use in hybridizations.
Hybridization Based Assembly of TMV Nanotemplates. For address specific programming of
labeled and partially disassembled TMV, 10-fold molar excess of linker DNA (IDT Technologies,
Coralville, IA) was added to fluorescein-labeled TMV solutions and incubated at 30'C for 2h. The
linker DNA consisted of two regions: one complementary to TMV's 5'end RNA and the other
complimentary to the microparticle's capture DNA sequence, as shown in Table 1. To remove the
unbound linker DNA, mixtures were centrifuged at 106,000g for 40min in 5xSSC buffer. The
fluorescein-labeled single stranded (ss) DNA, described in Table 1, was purchased from Gene Probe
Technologies Inc. (Gaithersburg, MD). For assembly of TMV, fluorescein-labeled ssDNA, and
microparticles, both the programmed TMV pellets and fluorescein-labeled ssDNA were resuspended in
5xSSC buffer containing 0.01% Tween 20 and hybridized with the microparticles overnight at 37'C.
The final TMV and ssDNA concentrations in the hybridization solution were circa 50-100nM. The
microparticles were then rinsed several times with 2xSSC buffer containing 0.01% Tween 20.
Analysis. The hybridized miroparticles were visualized using standard filter sets U-N3 1001 and U-
N31002 (Chroma Technology Corp., Rockingham, VT), compatible with fluorescein and rhodamine
fluorophores, respectively, in an Olympus BX51 microscope. Still images were captured using a DP70
microscope digital camera. The fluorescence images were evaluated with the fluorescence intensity
profile function from ImageJ software (http://rsb.info.nih.gov/ij/). AFM images were obtained using a
Dimension 3100 AFM (Digital Instruments, Santa Barbara, CA) with a Nanoscope IV Controller
operated in dry tapping mode with a scan rate of 0.5Hz and moderate amplitude setpoints. Tap300
silicon probes (Budget Sensors, Sofia, Bulgaria) were used at approximately 300Hz. The AFM images
were analyzed using Nanoscope software version 6.00. Confocal images were acquired on a Leica
DMIRE2 microscope with a TCS SP2 scanner (Wetzlar, Germany). The system was equipped with a
63x (NA 1.2) water immersion objective, which was used in this study. Samples were placed on
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number 1.5 cover glass within a PDMS well and excited at 488nm. Fluorescence emission spectra were
detected from 500-530nm. The depth scan increment was 1pm with a scan thickness of circa 155nm.
Analysis was performed with the Leica Confocal Software (Wetzlar, Germany).
Molecular Modeling. The TMV molecular graphics images were produced using the UCSF
Chimera package (http://www.cgl.ucsf.edu/chimera) 47~49 from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco (supported by NIH P41
RR-01081). The base structure of TMV (PDB ID: 2tmv)50used in the molecular graphics images was
obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB
PDB, http://www.pdb.org/).
Table D-M1. Single Stranded DNA Sequences
Name 5'end Sequence 3'end
Capture DNA Embedded within the Microparticles
C1 Acrydite-C18 ATGATGATGATGATGATG --
C2 Acrydite-C18 TTTTTCGGCAGGTCGGTAAC --
C3 Acrydite-C18 CACTACCGATACGTACTCAG --
Fluorescently Labeled Single Stranded DNA Hybridized with Microparticles
C3' FITC' CTGAGTACGTATCGGTAGTG ---
Linker DNA Hybridized with TMV and Microparticles
C2' --- GTTTGTTGTTGTTGGTAATTGTTGTI=TIGTTACCGACCTGCCGAAAAA 2
1. FITC: fluorescein isothiocyanate.
2. The detailed sequence description entails: TMV 5'end Complementary Sequence Spacer Address-
specific Sequence.
Results and Discussion
Hierarchical Assembly of TMV Nanotemplates with Encoded Microparticles. As shown in
Figure D-2, we first demonstrate hierarchical assembly of fluorescein-labeled TMVlcys nanotemplates
onto microparticles via nucleic acid hybridization. The microparticles were fabricated in a microfluidic
device via stop-flow lithography (SFL)43, as shown in Figure D-l(e), and consist of three discrete
regions: an encoded region containing Rhodamine B, a middle negative control region, and a capture
DNA region. TMVlcys nanotemplates were labeled with fluorescein maleimide, which forms a
covalent thioether bond with the genetically displayed cysteine's thiol groups. These labeled TMVs
were partially disassembled to expose the 5'end genomic RNA then programmed with linker DNAs via
hybridization to confer the capture DNA sequence-specific address. These labeled and programmed
TMVs were incubated with microparticles for hybridization based assembly and examined with a
fluorescence microscope, as shown in Figure D-2.
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Figure D-2. Hierarchical assembly of fluorescein-labeled TMVlcys nanotemplates onto microparticles
via nucleic acid hybridization. (a) Overlay fluorescence image of fluorescein-labeled TMVlcys onto
Rhodamine B labeled and encoded microparticles. Three regions define the 18Ox9Ox3O m
microparticles: an encoded region containing Rhodamine B, a middle negative control region, and a
capture DNA region. (b) Fluorescence intensity plot across the TMV assembled region shown by the
yellow line.
As shown in the fluorescence micrograph of Figure D-2(a), fluorescein-labeled TMVs readily
assembled onto the capture DNA region of the microparticles. Importantly, the encoded and middle
control regions of the microparticles showed minimal non-specific binding (from TMVlcys-conjugated
fluorescein), demonstrating high spatial selectivity. Figure D-2(a) also shows the reproducibility of
both the particle fabrication process and TMVlcys assembly. The fluorescence intensity profile plot in
Figure D-2(b) shows a uniform TMV assembly density on the microparticles, as the fluorescence
intensity is nearly constant across the TMV region of the microparticles, excluding the edges. Since the
TMVs are unable to penetrate far into the microparticles, their localization near the surface of the
capture DNA region is expected and results in the bright edges seen when microparticles are lying flat
and viewed top-down as shown in Figure D-2(a). Combined, these results demonstrate the highly
uniform and multifunctional nature of the microparticles, and the creation of viral-synthetic
microentities via hybridization-based assembly of TMV nanotemplates with encoded microparticles.
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Sequence Specific Assembly of TMV with Multiple Microparticle Types. To directly
demonstrate the sequence specificity of our assembly procedure, we incubated the fluorescein-labeled
and linker DNA (C2') programmed TMVlcys nanotemplates with a mixture of microparticles, as shown
in Figure D-3. This microparticle mixture contained three types, as shown in Figure D-3(a), each with
different codes and capture DNA sequences (Cl, C2,and C3). The fluorescence micrograph of Figure
D-3(b) clearly shows that TMVs assembled only onto the microparticles containing the matching
capture DNA sequence (C2). Importantly, minimal fluorescence in the capture DNA area of the non-
specific microparticles demonstrates the highly selective nature of the hybridization-based assembly.
This result confirms that the assembly event occurs via sequence specific hybridization, suggesting the
feasibility of simultaneous "one-pot" assembly of multiple TMV conjugates with a large number of
microparticle types, each containing a different barcode and capture DNA sequence. Additionally, the
encoded region enables identification of the DNA sequence derived functionality, suggesting the
potential for a high throughput screening capability. Similarly, site-specific assembly of TMV
conjugates carrying multiple functionalities to multiple regions on a single particle could also be
envisioned. The latter could readily be achieved using the versatility of the SFL process that allows
production of microparticles with more than one DNA capture region containing different capture DNA
sequences.
Figure D-3. TMV templates hybridized with a mixture of three different microparticle types. (a) Three
microparticle types, all differing by the barcode and capture DNA sequence embedded within the
microparticles. (b) Fluorescence overlay image showing fluorescein-labeled TMVlcys assembled onto
only the microparticles containing the matching DNA sequence, C2.
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Atomic Force Microscopy (AFM) of TMV Nanotemplates on Microparticles. AFM has been
extensively employed in studying biological materials, especially TMVs on solid substrates. These
efforts have led to the elucidation of various fundamental properties including mechanical strengths5,
conductivity39, and flexoelectricity53 to list a few. Here, we have used AFM to physically confirm the
presence of TMV nanotemplates on the microparticles and examine the structural integrity of assembled
TMVs., For this, the TMV decorated microparticles were extensively rinsed, dried under ambient
conditions for 5 days, and examined with tapping mode using a standard silicon tip. The phase contrast
AFM image of Figure D-4 clearly shows that TMVlcys nanotemplates are assembled on the
microparticles with high density and full structural integrity. We have been able to vary the surface
density of TMV assembled onto microparticles through variation of the TMV hybridization
concentrations and denser coverage of TMV has been achieved (image not shown). Figure D-4
represents a sample with lower TMV surface density but shows the structural integrity of individual
TMVs most clearly. The encoded and negative control regions were also examined via AFM, and did
not show a significant number of TMVs (images not shown). Additionally, despite the extensive rinsing
and drying conditions necessary for AFM sample preparation, the microparticle-assembled TMVs
retained their structure, demonstrating the stability of these hybridized TMVlcys nanotemplates.
Overall, this result clearly confirms the presence and structural integrity of TMV nanotemplates
assembled on microparticles.
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Figure D-4. AFM phase contrast image of TMV assembled onto encoded microparticles.
Confocal Microscopy of TMV Assembled Microparticles. As shown in Figure D-5, we
employed confocal microscopy to examine detailed 3-D assembly features of the TMV-and fluorescein
labeled ssDNA-assembled microparticles. As shown in the schematic diagram of Figure D-5(a) and the
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brightfield micrograph of Figure D-5(b), the microparticles used for this evaluation contained two
spatially discrete capture DNA regions coding different sequences and separated by a negative control
region. These microparticles were incubated in a solution containing two fluorescein labeled species:
fluorescein labeled TMV programmed with linker DNA complementary to the round region (C2) and
fluorescein labeled ssDNA complementary to the rectangular region (C3).
(a)
Figure D-5. One-pot assembly of fluorescein-labeled TMV and ssDNA onto discrete regions of
multifunctional microparticles: (a) Schematic diagram showing the three regions of the multifunctional
microparticles: the TMV-complimentary (round edge) and ssDNA-complimentary (straight edge)
regions are separated by a middle negative control region. (b) Brightfield image of the multifunctional
microparticles. The yellow bar represents 50im. (c) Reconstituted 3-D confocal image of a
multifunctional microparticle following hybridization with the fluorescein-labeled TMV and ssDNA.
(d-f) Confocal z-scan images of TMV and ssDNA hybridized microparticles at the surface (d) several
micrometers below the surface (e), and center (f).
A z-scan analysis on these microparticles clearly shows the difference in the 3-D assembly feature
between the two regions, as shown in Figures D-5(c)-(f). First, the three-dimensional reconstituted
image of Figure D-5(c) shows the difference in spatially selective assembly and in material
characteristics between the TMV-assembled and DNA-assembled regions. The TMV-assembled region
shows bright fluorescence at the very outer surface of the microparticles, and minimal fluorescence
within the microparticle volume. This is likely due to the large size of the TMV that prevents deep
penetration into the hydrogel matrix of the particle. In contrast, the DNA assembled region shows more
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dispersed fluorescence near the particle surface. This is likely due to the smaller size of the fluorescein
labeled DNA that allows it to diffuse further into the hydrogel, and correlates well with our previously
reported results". This difference in the penetration depth is further demonstrated in the z-scan images
of Figures D-5(d)-(f) at the surface (d), several micrometers below the surface (e), and at the center (f).
Figure D-5(d), taken at the top surface of the microparticle shows that TMVs are assembled only onto
the circular region with high fluorescence intensity, while the rectangular ssDNA region shows minimal
fluorescence. As the z-scan layer moves a few micrometers toward the microparticle center, Figure D-
5(e) shows that the TMV layer is confined to the very outer surface whereas the fluorescein labeled
DNA layer just starts to appear. Finally, Figure D-5(f), taken at the microparticle center, shows that the
TMVs are mainly assembled within the outer circa 2pm region of the microparticles with high
fluorescence while DNA penetrates several micrometers deeper. Importantly, these confocal
microscopy results illustrate the high fluorescein-templating density of the TMV nanotemplates given
the same fabrication condition and thus capture DNA density in the two regions. The difference in
fluorescence intensities of the TMV bound region versus the ssDNA bound region reflects the high
fluorescein-templating density of the TMV nanotemplates. Since numerous fluorescein molecules are
conjugated to each TMV while only one fluorescein molecule is attached to each ssDNA, the amount of
fluorescence pre DNA binding even is multifold for TMV compared to ssDNA. Furthermore, the two
capture DNA regions do not show any overlapping assembly characteristics, strongly suggesting the
sequence specificity of the sequence design and assembly procedures. Together, these results illustrate
the potential for integrating TMVs and SFL in creating multifaceted hybrid materials.
Conclusions
Hierarchically assembled materials structured across nano and micrometer length scales provide the
ability to exploit features on submicron scales in macroscopic devices as well as form materials with
new properties tailored for specific applications. A major challenge among the current methods for
creating hierarchically assembled materials is the limited ability in controlling spatial resolution while
maintaining full integrity of the individual components. Thus, a facile method for hierarchically
assembling hybrid materials under mild conditions in a spatially selective manner is needed.
The fluorescence microscopy results reported in this study illustrated both the spatially selective and
sequence specific nature of the assembly process. High spatial selectivity is afforded by the fidelity of
the sequence specific DNA hybridization used in our assembly process and holds potential for one-pot
assembly of multiple TMV conjugates to different encoded microparticles or to different regions on a
single microparticle. In addition, the assembly and particle fabrication processes were shown to be very
reproducible. The AFM images clearly showed that the TMV nanotemplates are assembled on the
microparticles with high density and full structural integrity despite the extensive rinsing and drying
required to prepare samples for AFM analysis. The confocal microscopy results demonstrated the
feasibility of one-pot assembly between multiple TMV conjugates and a large number of microparticle
types, each containing a different barcode and capture DNA sequence. The confocal microscopy
228
images also showed the high fluorescein-templating density of the TMV nanotemplates and that these
nanotemplates are assembled on the microparticle surface. Combined, these results represent a novel
high throughput route to create multiplexed and multifunctional viral-synthetic hybrid microentities in
mild aqueous conditions. We expect that the integration of viral nanotemplates and the rapid SFL
technique will have significant potential in creating complex structures for a broad range of
applications. For example, one could envision protein sensing with antibody conjugated TMVs
assembled onto encoded microparticles. The multiplexing capability of such protein-viral-synthetic
hybrid materials would enable high throughput analysis of analytes ".
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